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Fast purinergic neurotransmission has recently been shown to be mediated through
ionotropic Pox receptors activated by extracellular adenosine 5'-triphosphate (ATP).
ATP-sensitive Py proteins constitute a novel third gene superfamily of ligand-gated ion
channels based upon unique structural motifs. Although mammalian ATP-gated re-
combinant Pgx proteins have been characterized extensively using various experimen-
tal methodologies such as functional studies in heterologous expression systems, yet,
Pox protein mapping within central nervous system (CNS), Pgx channel subunit compo-
sition pertaining to relevant native receptor phenotypes, and species-specific differen-
ces between mammalian Pgx orthologs remain to be investigated.

The first manuscript (Lé e al., 1998a) reported the regional, cellular, and subcellular
localization of P2X4 gene product within adult rat brain and spinal cord structures.
P2X4 receptors were shown to be widely expressed on the postsynaptic side throughout
the CNS. Further, this Pox subunit was also observed in the present study to be ex-
pressed selectively on the presynaptic side within various central sensory pathways
such as the olfactory bulb and the substantia gelatinosa within the dorsal horn of the
spinal cord. Thus, these results were corroborated to ATP-elicited ionotropic Pgy res-

ponses involved in widespread central postsynaptic as well as presynaptic signaling.

The second manuscript (L& et al., 1998b) documented a novel Pox receptor phenotype
resulting from the heteropolymerization between major central P2X, and P2Xg sub-
units. P2Xy,s heteromultimeric channel phenotypes were characterized by distinct
time-dependent protein expression levels and novel pharmacological profiles compared
to P2X 4 homo-oligomers, while P2X expressed alone from Xenopus laevis oocytes did not

respond to ATP applications. Moreover, subunit-specific interaction between P2X, and
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P2X¢ isoforms were directly demonstrated through chromatography-based co-
purification assays thereby further strengthening observed in vitro P2Xys pharma-
cological phenotypes.

The third manuscript (Lé e al., 1999) was undertaken based upon similar reasoning
as well as experimental strategies as the P2Xy,g study (Lé ef al., 1998b). Namely, the
existence of heteromultimeric P2Xj; .5 receptors were screened with functional as well as
biochemical assays demonstrating that this oligomeric complex gave rise to hybrid
properties between homopolymeric P2X; and P2Xg subunits. More specifically, P2X; 5
channels displayed a P2X;-subtype pharmacology by being highly sensitive to afmATP
applications. On the other hand, P2X;.s complexes gave rise to non-desensitizing
channel kinetics, similar to homo-oligomeric P2Xs subunits, in response to low
micromolar ranges of afmATP applications. Reciprocal co-purifications between

interacting P2X; and P2X; subunits were also demonstrated in this study.

The fourth manuscript (Lé ef al., 1997) reported the molecular cloning of the human
ortholog (hP2X;sR) of rP2Xs subunit, which is being the most rare transcript among all
reported rat Pox cDNAS to date. hP2Xgsr subunit was found to be a 422 amino acid-long
protein and having 62% homology to rP2Xs receptors. Although most ATP-gated Pgx
channel structural motifs were found in the hP2Xsr primary sequence, yet, this protein
was determined to have only one transmembrane domain. As opposed to rP2Xs restric-
ted spinal cord distribution patterns, hP2Xs;r mRNAs were found to be transcribed
within various brain loci in addition to the immune system. hP2Xzr was shown to dis-
play two splicing variants, but lacked a conserved domain in the pre-M2 region. Finally,
hP2Xsg-injected Xenopus laevis oocytes did not respond to ATP applications.
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These four manuscripts were selected, among other projects, to constitute the core of
the present Ph.D. Thesis. Taken altogether, these studies used a multidisciplinary ap-
proach, namely, combinations of molecular biology, cell culture and protein chemistry
techniques, as well as electrophysiological recordings. In an effort to contribute to a
better assessment of the physiological roles of fast purinergic synaptic signaling (L& ef
al., 1998a) mediated likely by native receptors generated by heteromultimerization (Lé
et al., 1998b; Lé e al., 1999) while keeping in mind that species-dependent differences
between mammalian Pgx orthologs (16 e al., 1997) should be taken into account when-
ever rodent systems would be used for drug screening studies.
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Il a été démontré récemment que la neurotransmission purinergique rapide est médiée
par les récepteurs Py ionotropiques activés par 1'adénosine 5'-triphosphate (ATP) ex-
tracellulaire. Basés sur des motifs structuraux uniques, les récepteurs Pox constituent
une troisiéme grande famille génétique de canaux ioniques activés par un ligand extra-
cellulaire. Malgré le fait que la caractérisation des récepteurs Pgx recombinants a été
menée de fagon extensive en utilisant divers systémes d'expressions hétérologues, la
distribution in situ des protéines Py dans le systame nerveux centrale (SNC); la compo-
sition en sous-unités des récepteurs Pgx correspondant aux différents phénotypes na-
tifs; et la différence entre les orthologues Pox des divers espeéces mammiferes restent a

Le premier manuscrit (Lé et al., 1998a) a rapporté la distribution de la protéine P2X,
au niveau régional, cellulaire, et sub-cellulaire dans divers structures du cerveau et
colonne vertébrale. Nous avons démontré que la sous-unité P2X, est présente dans la
plupart des régions du SNC du c6té post-synapﬁque chez le rat adulte. Les récepteurs
qui contiennent P2X, sont exprimés de facon sélective du coté pré-synaptique dans
divers systémes sensoriels centraux, notamment, dans le bulbe olfactif ainsi que la
corne dorsale de la moélle épiniere. Ces résultats corroborrent, donc, les réponses
ionotropiques de type Pgx observées a la fois du c6té post- et pré-synaptiques dans

diverses préparations natives.

Le deuxiéme manuscrit (Lé et al., 1998b) a documenté un nouveau phénotype Pax
hétéromultimérique composé des deux sous-unités centrales P2X, et P2Xg. Nous avons
caractérisé le phénotype hétéropolymérique P2X,,¢ par son profil temporel d'expres-
sion et par ses propriétés pharmacologiques distinctes par rapport aux récepteurs
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homo-oligomériques P2X;. La sous-unité P2Xg exprimée seule dans les ovocytes de
Xenopus laevis ne répond pas aux applications d'ATP. De plus, les interactions
spécifiques entre P2X, et P2X; ont été confirmées directement en utilisant une procé-
dure de co-purification par I'entremise des principes de la chromatographie cfg.ﬁimw.

Nous avons réalisé le troisieme projet (Lé ef al., 1999) en nous basant sur les mémes
raisonnements ainsi que sur les mémes procédures expérimentales que celui du projet
portant sur le phénotype hétéromultimérique du P2X,,s (Lé e al., 1998b). En occu-
rence, l'existence du phénotype hétéro-oligomérique P2X;.s a été déterminée fonction-
nellement par I'émergence de propriétés hybrides ainsi que biochimiquement par l'asso-
ciation réciproque entre les sous-unités P2X; et P2Xs. Nous montrons que la pharma-
cologie du P2X;,s est conferrée par la présence de la sous-unité P2X,, tandis que la

cinétique du complexe hétéro-oligomérique provient de la contribution de la sous-unité
P2X;5.

Dans le quatriémme manuscrit (Lé ef al., 1997) nous avons rapporté le clonage
moléculaire de la sous-unité P2Xs humaine (hP2Xsr). Nous prédisons que la sous-unité
hP2X5r est une protéine membranaire de 422 résidus qui a 60% d’homologie avec la
séquence de la sous-unité P2Xg de rat (rP2Xg). Malgré le fait que la structure primaire
de hP2Xsg posséde la plupart des motifs structuraux typiques des sous-unités de type
P, la topologie de hP2X5sR révele seulement un domaine transmembranaire. Cette
singularité explique pourquoi cette sous-unité n'est pas fonctionelle sous forme
homomultimérique. A l'opposé de rP2Xs qui présente une distribution restreinte aux
neurones sensoriels et spinaux, hP2Xsp est transcrit a haut niveau dans plusieurs

régions du cerveau ainsi que dans le syst2me immunitaire.
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Dans son ensemble, ces quatre manuscrits ont pour objectifs de contribuer a I'avance-
ment des connaissances sur les réles physiclogiques que peuvent avoir les récepteurs
Pox dans les phénomeénes de la transmission synaptique. En utilisant une approche
multidisciplinaire, en occurrence, la biologie moléculaire, la culture cellulaire et la chimie
des protéines, ainsi que l'électrophysiologie nous avons fait I'effort de documenter la
distribution protéique dans le SNC (Lé ef al., 1998a), la composition des sous-unités a
l'intérieur des phénotypes hétéromultimériques (Lé e al., 1998b; Lé et al., 1999), et
ainsi que les variabilités entre espéces au niveau de la structure primaire et de la

fonction (Lé et al., 1997).
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1.1 INTRODUCTORY BACKGROUND

Cell to cell information transfers within the nervous system occur at relay stations
known as neuro-neuronal and neuro-effector synapses and cell junctions. Intercellular
transmission is mediated predominantly by chemical synapses, namely, 90% neuro-
transmitter-mediated versus 10% electrical. Pre- and/or postsynaptic ligand-activated
integral membrane proteins/neurotransmitter receptors are either ionotropic (fast-
acting) or metabotropic (slow-acting) receptors. Ionotropic receptors can be subdivided
into excitatory cation-selective and inhibitory (anion-selective) neurotransmitter-gated
ion channels.

Briefly, synaptic membrane depolarization and hyperpolarization are mediated by fast-
acting ligand-gated cation and anion channels, respectively. Presynaptic membrane
depolarization leads to calcium-dependent synaptic vesicle exocytosis and neurotrans-
mitter release into synaptic cléﬂ;s. Further, activation of postsynaptic ligand-gated
cation channels by various released neurotransmitters leads to membrane depola-
rization, also known as excitatory postsynaptic potentials (EPSPs), and sequential
action potential appearances within postsynaptic cells. On the other hand, neuro-
transmitter-gated anion channels lead generally to converse effects, namely, inhibitory
postsynaptic potentials (IPSPs).

Formerly, fast-acting ligand-gated ion channels were thought to be comprised of two
gene superfamilies based upon unique structural motifs. More specifically, the nicotinic
acetylcholine (cation-selective) receptor superfamilies also encompasses serotonin-

(cation-selective), GABA- (anion-selective), and glycine-gated (anion-selective). These
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idn channels have been shown to be characterized by four transmembrane domains
within each polypeptide which then co-assemble into five subunits or pentameric
quaternary protein structures (Green and Millar, 1995; MacKinnon, 1995; references
therein).

On the other hand, glutamate-gated ion channels comprise three subtypes known as
NMDA, AMPA, and kainate receptors thought to display three transmembrane
domains and a re-entrant loop within each isoform (MacKinnon, 1995; references
therein) which interacts then with three or four other subunits forming, thus,
tetrameric (Laube et al., 1998; Rosenmund et al., 1998) or pentameric quaternary
complexes (Ferrer-Montiel and Montal, 1996), respectively. The latter issue remains a

controversy (Laube et al., 1998; references therein).

Recently, in nineteen ninety four, a third gene superfamily encoding ATP-gated
channels or Pgy receptors mediating fast excitatory neurotransmission has emerged.
That was the demonstration that excitatory neuronal networks do use another
ionotropic neurotransmitter system in addition to major glutamatergic pathways. Pox
receptors mediate a fast excitatory synaptic signaling component, formely identified as
a non-adrenergic and non-cholinergic (NANC) response by Burnstock (1972). These
cation channels are characterized by a distinct transmembrane topology with respect
to the other two gene superfamilies previously mentioned (nicotinic and excitatory
amino acid receptor superfamilies) as well as being gated by extracellular nucleotides.
Accordingly, the present chapter will introduce to the readership an overview pertaining
to various aspects of the molecular biology of ATP-gated Pax channels with a strong
emphasis towards the central nervous system (CNS).
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1.2 INTRODUCTION OVERVIEW

Briefly, the present overview of the literature within various research fields of ATP-
gated Pgx ion channels has been subdivided into five main sections (1.3 to 1.7) including
a section on classical pharmacological work [historical perspectives (1.3)]; a section on
recent molecular characterization of ATP receptors [molecular biology (1.4)]; a section
on possible pathophysiological scenarios involving Pox receptors [pathophysiological
correlates (1.5)] leading to future potential drug therapies targeting ATP-gated ion
channels [therapeutical implications (1.6)] despite current limitation in terms of
physiological importance of fast-acting purinergic neurotransmission phenomena
[introduction summary (1.7)], especially within most supraspinal structures thought to
have structure-function correlates.

1.3 HISTORICAL PERSPECTIVES

Potent purinergic responses in cardiovascular systems, mainly mediated by adenosine,
including bradycardia and coronary vasodilatation as well as systemic blood pressure
lowering effects have been reported for seven decades (Drury and Szent-Gyérgyi, 1929).
Yet, experimental observations demonstrating that ATP was released from sensory
nerves, thereby, suggesting for the first time the existence of purinergic neuro-
transmission pathways have come much later (Holton and Holton, 1954). Hereafter,
the present section has been further subdivided into pharmacological classification
(1.3.1), native response (1.3.2), autoradiographic binding data (1.3.3), ATP releasing site
(1.3.4), and ATPase-mediated ATP catabolism (1.3.5) as well as pharmacologically-
based nomenclature limitation (1.3.6).
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1.3.1 PHARMACOLOGICAL CLASSIFICATION

Although the possibility of ATP being a neurotransmitter has been met with resistance
due to the paucity of specific antagonists, the existence of ATP-gated ionotropic
components (purinoceptors) postulated by Burnstock (1972), were being gradually
accepted. Adenosine effects and ATP responses were pharmacologically differentiated

and their corresponding receptors designated as P1 and P2 receptors, respectively
(Burnstock, 1978).

ATP or P2 receptors were then subsequently subclassified into Pgy (G-protein-coupled)
receptors and Pax ion channels (Burnstock and Kennedy, 1985). These purinergic
receptor categories were attributed based upon several pharmacological endpoints. P1
receptors were observed to be elicited by adenosine and its analogs as well as
antagonized by methylxanthines such as caffeine and theophylline (Burnstock, 1978).
On the other hand, due to the lack of specific P2 antagonists, Poy receptors and Pox
channels were differentiated based upon relative potency ratio between ATP and its
analogs. In other words, 2MeSATP was reported to be more potent than ATP in
activating Py receptors (Burnstock and Kennedy, 1985). On the other hand, afmATP
was found to be more potent than ATP in gating ionotropic Pgx channels (Burnstock
and Kennedy, 1985). It should be noted, however, that this method of pharmacological
identification for discriminating Pgy from Pgx receptors will have to be reassessed with
the advent of their molecular cloning studies coupled to in vitro pharmacological assays.
The latter issue will be addressed in the upcoming section (1.4) pertaining to the
molecular biology of Pox receptors and their functional characterization from various

heterologous expression systems.
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1.3.2 NATIVE RESPONSE

Once ATP had been shown to be a bona fide neurotransmitter based upon compelling
experimental observations (Dalziel and Westfall, 1994; Fredholm et al., 1994; refe-
rences therein), ATP-elicited ionotropic responses have been documented from various
native electrophysiological recording preparations involving neuro-neuronal synapses
including brain, spinal cord, and peripheral sensory ganglion neurons (Brake and Julius,
1996; references therein) by using the nomenclature scheme briefly elaborated above
(Burnstock and Kennedy, 1985).

Ionotropic responses elicited by extracellular ATP and/or various ATP analogs have
been reported from neuro-neuronal synapses within various brain structures (Edwards
et al., 1992; Mateo et al., 1998; Ross & al., 1998). For example, afpmATP-elicited
ionotropic responses from a cholinergic pathway, namely, medial habenular neurons,
constituted one of the first reports pertaining to a Pgx current phenotype observed
within the brain (Edwards et al., 1992). In this instance and contrary to afmATP, ATP
could not give rise to any responses under identical experimental conditions. This could
be explained by the fact that extracellular ATP might be proned to degradation
mediated by membrane-bound ecto-ATPases (WNorth, 1996; references therein).
Further, medial habenular neurons gave rise to moderately desensitizing currents in
response to 300 uM ofmATP applications that were sensitive to suramin (10-30 uM)
blockade (Edwards ef al., 1992). Other Py ionotropic responses have also been
observed within various brain preparations, notably, cerebral cortex (Phillis et al., 1975;
Philliset al., 1979), hypothalamus (Chen e al., 1994), locus coeruleus (Harms et al.,
1992; Tschépl & al., 1992; Shen and North, 1993; Frohlich e al., 1996), medial
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vestibular (Chessel et al., 1997) and mesencephalic nuclei (Khakh e al., 1997).
Although Py responses have been shown to be widespread throughout the brain, yet,
pathophysiological implications and/or contexts pertaining to central ATP-gated
ionotropic signaling remain unclear. Nevertheless, both hippocampus (Wierasko and
Ehrlich, 1994; Balachandran and Bennett, 1996; Ross et al., 1998) and cerebellum
structures (Mateo et al., 1998) where long-term potentiation (LTP) and long-term
depression (LTD) forms of synaptic plasticity occur, display ATP-elicited fast-acting

responses.

As opposed to aforementioned supraspinal sites, Pox responses recorded from spinal
cord preparations have been relatively less abundant. Nevertheless, available docu-
mentation has been concentrated upon studies pertaining to Pgx phenotypes observed
mostly from the dorsal horn of the spinal cord (Jahr and Jessell, 1983; Fyffe and Perl,
1984; Salter and Henry, 1985; Salter and Hicks, 1994; Li and Perl, 1995; Bardoni e al,
1997; Jo and Schlichter, 1999). Interestingly, within these anatomical loci of the spinal
cord, notably, the substantia gelatinosa has been shown to be excited by multimodal
sensory ganglion neuron central terminals (Fyffe and Perl, 1984). Indeed, ATP has been
observed to elicit intracellular calcium increments (Salter and Hicks, 1994) and
modulate (Li and Perl, 1995) or mediate (Jahr and Jessell, 1983; Bardoni et al., 1997; Jo
and Schlichter, 1999) synaptic transmission within the dorsal horn of the spinal cord.

Similarly, ATP is thought to produce different effects upon nociceptive vis-a-vis non-
nociceptive pathways within the dorsal spinal cord (Salter and Henry, 1985); more
specifically, non-nociceptive neurons responsive to ATP have been shown to cor-

respond to mechanoreceptive units (Fyffe and Perl, 1984).
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Various sensory ganglion cells have been shown to display fast-acting ATP-gated Pax
phenotypes (Krishtal et al., 1983; Krishtal ef al., 1988; Bean, 1990; Bean et al., 1990; Li
et al., 1993). More specifically, nodose ganglion neurons have been shown displaying
ionotropic responses typical of Py receptors (Khakh et al., 1995; Lewis et al., 1995; Li et
al., 1996; Thomas e al., 1998). Similarly, trigeminal ganglia have also been
documented to express fast-acting ATP-elicited responses (Cook et al., 1997; Khakh et
al., 1997). On the same token, dorsal root ganglia (DRG) have been demonstrated to
give rise to synaptic transmission mediated, presumably, by Py ion channels (Krishtal
et al., 1983; Krishtal ef al., 1988; Bean, 1990; Robertson et al., 1996; Gu and Mac-
Dermott, 1997). Peripheral sensory Pgx responses are thought to contribute to noci-
ception (Burnstock,1996; Cook ef al., 1997) as well as proprioception signaling events
(Fyffe and Perl, 1984; Khakh ef al., 1997). In retrospect, all Pgx ionotropic responses
recorded from brain, spinal cord, and peripheral sensory ganglion neurons were either
activated by apmATP and/or blocked by suramin. In fact, suramin and/or PPADS
insensitive ATP-activated Py phenotypes have not been documented so far in neurons

(Barnard ef al., 1997).

1.3.3 AUTORADIOGRAPHIC BINDING DATA

Tritiated apmATP ([SH]JapmATP) had been shown to bind preferentially to Pox

receptors from various peripheral tissues such as rat bladder (Bo and Burnstock, 1990)
and vas deferens (Bo et al., 1992). Corroborating afmATP-sensitive Pax ionotropic

responses recorded from various central neurons, autoradiographic binding studies
using radiolabeled [3H]ofmATP have documented widespread apmATP binding site
distribution patterns within both brain and spinal cord (Michel and Humphrey, 1993; Bo
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and Burnstock, 1994; Balcar et al., 1995) as well as various peripheral tissues (Michel
and Humphrey, 1993). For instance, [SH]JapmATP binding sites observed within
various brain regions included striatum, cerebral cortex, cerebellum, and hippocampus
(Michel and Humphrey, 1993). These results were subsequently further extended to
include many more brain structures as well as spinal cord loci (Bo and Burnstock,
1994). In addition, high-affinity apmATP binding sites were detected in peripheral
tissues in the spleen, heart, and liver (Michel and Humphrey, 1993). Furthermore,
[3H]apmATP has been observed to be displaced by suramin and RB-2 (Michel and
Humphrey, 1993) as well as PPADS (Bo and Burnstock, 1994) thereby in agreement
with most P2 antagonist-sensitive native electrophysiological recordings from central

as well as peripheral preparations.

1.3.4 ATP RELEASING SITE

Extracellular ATP could potentially come from three modalities (Boarder and Hourani,
1998), depending upon the homeostasis state of living organisms or systems under
investigation. First, cytosolic ATP can be transported to the extracellular milieu
through specific transmembrane transporter proteins from various tissues such as
smooth muscle and underlying cell wall within the vascular system (Boarder and
Hourani, 1998). Since cytosolic ATP is an abundant source of energy, therefore, under
stressful and/or traumatic conditions leading to cell membrane damage, lytic ATP
constitutes the second source of extracellular nucleotides. Third and most importantly
to neurotransmission phenomena, ATP has been demonstrated to be synaptically
released alone or co-released with other neurotransmitters within cholinergic (Dowdall et
al., 1974; Unsworth and Johnson, 1990; Fu and Poo, 1991; Sperlagh and Vizi, 1991; Sun
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and Stanley, 1996), noradrenergic (Sperlagh and Vizi, 1991), and glutamatergic (Gu and
MacDermott, 1997) as well as GABAergic synapses (Jo and Schlichter, 1999).

1.3.5 ATP,sg-MEDIATED ATP CATABOLISM

ATP released into synaptic clefts is dephosphorylated into ADP by membrane-bound
ecto-ATPases (Stout and Kirley, 1996) and/or AMP via membrane-anchored ecto-ATP
diphosphorylases (also known as ectoapyrases) (Kegel ef al., 1997) terminating ATP
responses. AMP would then be hydrolyzed into adenosine as the final ATP metabolite
by surface ecto-5'-nucleotidases (Zimmermann, 1992; references therein). Interes-
tingly, these membrane-associated hydrolyzing enzymes have been shown to be as
ubiquitously expressed as nucleotide receptors (Kegel ef al., 1997) such as Pox ion
channels. Similarly, these proteins display similar structural motifs to those of Pax
receptors. More specifically, these enzymes have two transmembrane domains con-
nected by a large extracellular loop while having both N- and C-termini on the
intracellular side (Kegel ef al., 1997). It is interesting to note that these ecto-ATPases
also display ten cysteine residues in their extracellular domain (Kegel et al., 1997).
Based upon these observations, it is tempting to speculate that Py and ecto-ATPase
subunits might associate into quaternary complexes integrating both signaling and

termination components.

1.3.6 NOMENCLATURE LIMITATION

Taken altogether (sections 1.3.1 to 1.3.5 inclusively), a cautionary note should be

raised. Several studies (before 1994) thought to characterize Pgy receptors based upon



TUOCK. LE 12

pharmacological criteria (Burnstock and Kennedy, 1985) have turned out, in hindsight,
to correspond in fact to fast-acting Pox responses within various brain structures (Ueno
et al., 1992; Shen and North, 1993). Similarly, recent evidence have strongly suggested
that afpmATP might have a significant affinity for membrane-bound ecto-ATPases
besides Pox receptors, thus, making autoradiographic binding data difficult to interpret
(see review by North, 1996).

1.4 MOLECULAR BIOLOGY

Expression and molecular cloning assays have unravelled a third family of ligand-gated
ion channel having novel molecular structural motifs as well as distinctive trans-
membrane protein topologies compared to nicotinic acetylcholine receptor and/or gluta-
mate-gated channel gene families. Briefly, the present section has been subdivided into
six sub-sections pertaining to molecular structures (1.4.1), transcription patterns
(1.4.2), protein mapping profiles (1.4.3), functional characteristics (1.4.4), and
biophysical properties (1.4.5) as well as human orthologs (1.4.6) of rodent ATP-gated
Pax ion channel subunits.

1.4.1 MOLECULAR STRUCTURES

ATP-gated P2X; (Valera et al., 1994) and P2X; (Brake ef al., 1994) ionotropic channel
subunits were the first two cloned Po receptors thanks to the use of expression cloning
assays in Xenopus laevis oocytes starting from rat vas deferens poly(A)* RNAs (Valera
e al., 1994) and from PC12 cell poly(A*) RNAs (Brake et al., 1994). The primary
structures of P2X; and P2X; receptors were predicted to code for 399 (Valera e al.,
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1994) and 472 amino acids (Brake ef al., 1994), respectively. Ten extracellular cysteine
residues are conserved between these two proteins (Brake et al., 1994; Valera et al.,
1994); P2X; as well as P2X; possess several potential N-linked glycosylation sites
within their respective hydrophilic extracellular loop, which is connected by two
membrane-spanning domains. In the absence of a signal peptide, both N- and C-
termini are located on the intracellular side (Brake ef al., 1994; Valera et al., 1994;
Torres et al., 1998a). These Psx isoforms were found to have a short extracellular
sequence similar to a motif conferring ATP-binding capacity (Walker et al., 1982; Brake
ef al., 1994; Valera e al., 1994) and also a sequence, preceding the second transmem-
brane domain, similar to H5 or P-loops found in voltage-activated or inward-rectifier
potassium channels (MacKinnon, 1995); the intracellular N-terminal domain of
respective P2X; and P2X; channels contains conserved consensus PKC phospho-
rylation sites (Brake et al., 1994; Valera ef al., 1994), while the longer intracellular C-
terminus of P2X, receptors also contained potential PKC and PKA phosphorylation
sites as well as SH3 binding domains (Brake et al., 1994).

Other members of the Py gene family were identified by homology cloning metho-
dologies based upon P2X; and P2X, sequences. Namely, P2X3 from sensory neurons
with 397 amino acids (Chen ef al., 1995; Lewis et al., 1995); P2X, from brain at 388
residues (Bo et al., 1995; Buell & al., 1996a; Séguéla et al., 1996; Soto et al., 1996a;
Wang et al., 1996); P2X; from the heart consisting of 455 amino acids (Collo ef al., 1996;
Garcia-Guzman et al., 1996); and P2Xg from brain being the shortest protein of the
family at 379 residues (Collo & al., 1996; Soto et al., 1996b); on the other hand P2Xy
c¢DNA isolated from brain encodes the longest subunit with 595 amino acids (Surpre-
nant et al., 1996). All these Pg isoforms contained the specific sequence motifs found



TUOCK LE 14

in P2X; and P2Xj, channels, notably, ten conserved cysteine, twelve glycine, and six
lysine residues believed to be involved in protein structure stabilization as well as
presumably forming folding motif for ATP binding in the extracellular domain (Buell et
al., 1996b).

1.42 TRANSCRIPTION PATTERNS

Based upon in situ hybridization results, Northern blot data, and/or RT-PCR analyses
pertaining to both central and peripheral nervous systems, mRNA transcripts encoding
neuronal Pgx proteins range from restricted and discrete to ubiquituous throughout the
nervous system. For instance, RNA messages coding for P2X4 (Bo e al., 1995; Buell e
al., 1996a; Collo et al., 1996; Séguéla et al., 1996; Soto et al., 1996a; Wang et al., 1996)
and P2Xg (Collo et al., 1996; Soto et al., 1996b) receptors were found to be widely
transcribed throughout the brain and distributed in an overlapping fashion in most
central regions (Collo et al., 1996). Similarly, P2Xs mRNA (Brake et al., 1994) was also
observed to be expressed in the brain (Brake et al., 1994; Collo et al., 1996), although to
a much lesser extent than major brain P2X, and P2Xg transcripts. On the other hand,
P2X; (Valeraet al., 1994), P2X3 (Chen ef al., 1995; Lewis et al., 1995), and P2X5 (Collo e
al., 1996; Garcia-Guzman ef al., 1996) as well as non-neuronal P2X4; (Surprenant et al.,
1996; Collo et al., 1997) mRNAs were found to be minor transcripts or absent from
adult brain neurons (Collo et al., 1996; Collo et al., 1997), although P2X; mRNA has
been observed to be hms@ed in neonatal brain neurons (Kidd et al., 1995).

The lamina ITI of the cervical spinal cord constituted the only spinal cord locus devoid of
Pox mRNAs (Collo ef al., 1996) while both P2X3 and P2X7 transcripts were found to be
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absent altogether from the spinal cord (Collo e al., 1996; Collo e al., 1997). On the
other hand, all other laminae expressed both P2X, and P2Xg mRNAs. Further, exclu-
ding laminae I/IIVIV, the P2X, isoform was positively identified within adult spinal cord
(Collo et al.; 1996). P2X; and P2X; transcripts were observed only in the ventral horn of
the spinal cord including laminae V to IX (Collo et al., 1996).

Interestingly, all six neuronal Pgx mRNAs (P2X]; to P2Xg inclusively) have been shown
to be transcribed within all peripheral sensory ganglion neurons studied (Collo et al.,
1996). Taken altogether, these studies have highlighted several interesting obser-
vations. For example, the mutually overlapping regional pattern pertaining to P2X, and
P2X¢ messages (Collo et al., 1996) seems to occur only within brain. On the same line of
thought, similar co-transcription patterns have also been reported for P2X; and P2Xjs
mRNAs within the ventral horn of the spinal cord (Collo ef al., 1996). On the other
hand, P2X5 transcripts turned out to be the most rare message among all known Pgx
subunits (Collo et al., 1996). Similarly, P2X3; mRNAs have been shown to display the
most restricted transcription pattern within the Py gene family (Collo et al., 1996).
More specifically, only primary sensory neurons have been shown to transcribe P2X,
messages (Chen et al., 1995; Lewis et al., 1995), a unique feature among transmitter-
gated channels.

1.4.3 PROTEIN MAPPING PROFILES
There have been several immunocytochemical studies regarding P2X; (Vulchanova et

al., 1996), P2X, (Vulchanova ef al., 1996; Kanjhan et al., 1996; Vulchanova ef al., 1997),
P2X3 (Cook et al., 1997; Vulchanova et al., 1997), and P2X~7 (Collo et al., 1997) proteins.
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. Although most of these protein mapping reports have corroborated and further
extended previous in situ hybridization results pertaining to Pox recéptor distribution at
cellular levels (Barnard et al., 1997; North and Barnard, 1997).

Confirming P2X; mRNA distribution patterns from in situ hybridization data (Collo et
al., 1996), P2X; immunostainings were observed to be negative from the adult brain
(Vulchanova et al., 1996). On the other hand, positive P2X; immunoreactivities were
found within spinal cord superficial dorsal horn layers, the sites of multiple sensory
pathways, at both post- and presynaptic levels (Vulchanova ef al., 1996). However,
based upon in situ hybridization results, P2X; mRNA transcripts were found to be
transcribed only from motor neurons in laminae V to IX (Collo et al., 1996). Reason(s)
for these apparent discrepancies, between in situ hybridization results and immuno-
histochemical studies regarding P2X; channels, are currently neither raised nor addres-
sed.

Contrary to P2X; negative protein expression within brain structures, P2Xy subunits
were positively immunostained within discrete central structures (Vulchanova et al.,
1996). For instance, P2X, proteins were found to be expressed in the hypothalamus
and various catecholaminergic nuclei, notably, the olfactory bulb (Vulchanova et al.,
1996). Reminiscent of P2X; distribution observations, the hindbrain solitary tract
nucleus has been previously shown to lack P2X; mRNA transcripts (Collo et al., 1996)
but P2X, positive immunolabeling was subsequently demonstrated within the same
locus (Vulchanova et al., 1996). Another inconsistent observation can be made
concerning P2X, immunoreactivities within spinal cord dorsal horn lamina I and II. For
example, P2X, positive stainings were observed within the most superficial aspect of
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the dorsal horn, namely, the Lissauer's tract (Vulchanova et al., 1996). However, the
same group subsequently reported that P2X, subunits were not expressed within this
same locus (Vulchanova et al., 1997). Similarly, P2X; immunostainings were not
observed within the cerebellum (Vulchanova et al., 1996) thereby apparently confir-
ming P2X in situ hybridization data (Collo et al., 1996), yet, P2Xo was also found to be
expressed within various cerebellar loci by another group (Kanjhan et al., 1996).

Corroborating P2X3 mRNA distribution data (Collo et al., 1996), P2X3 proteins was
determined to be absent from the brain (Cook ef al., 1997; Vulchanova et al., 1997).
Mismatches arised between P2X3 mRNA transcript distribution (Collo et al., 1996) and
protein expression (Vulchanova et al., 1997) involving the spinal cord dorsal horn. For
instance, it has been documented through in situ hybridization data that P2X3; was not
present within the spinal cord (Collo et al., 1996). On the other hand, P2X3 proteins
were subsequently found to be expressed from the inner part of the spinal cord dorsal
horn lamina I (Vulchanova et al., 1997). This could be explained by the fact that P2X3

subunits are expressed by central terminals of peripheral sensory ganglion neurons.

Further, P2X7 immunocytochemical results have demonstrated that this subunit was
in fact the only known non-neuronai Pyx isoform, namely, being expressed by microglial
and ependymal cells from brain and also by lymphocytes and macrophages (Collo & al.,
1997). In hindsight, all these immunocytochemistry data pertaining to P2X;, P2X,,
P2Xg, and P2X7 subunits turned out to be either excluded from or expressed in a discrete
fashion within supraspinal structures. Therefore, it would be relevant to pursue protein
mapping studies regarding major central Pox subunits such as P2X, and/or P2Xg recep-
tors. Similarly, P2Xs protein distribution patterns remain to be investigated.
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1.4.4 FUNCTIONAL CHARATERISTICS

Recombinant Pgx receptors have been functionally characterized in various hetero-
logous protein expression systems, especially from HEK-293 cells and Xenopus laevis
oocytes. Purinergic agonist profiles and P2 antagonist sensitivities as well as pharma-
cological co-factor effects have been documented. More specifically, heterologously
expressed recombinant homomultimeric Pgx subunits have been classified into three
subtypes based upon their sensitivities to the agonist apmATP, and upon their
sensitivities to P2 antagonists suramin and PPADS, as well as upon their channel
desensitization kinetics. Pox receptors that are rapidly desensitized, afpmATP-sensi-
tive, and blocked by both suramin and PPADS, P2X; (Valera ef al., 1994) and P2X3
(Chen et al., 1995; Lewis et al., 1995) are thus grouped together. Non-desensitizing
P2X, (Brake et al., 1994) and P2X5 (Collo et al., 1996; Garcia-Guzman ef al., 1996) are
both insensitive to apmATP applications, yet, they are blocked by suramin and PPADS
thereby constituting another Pgx subgroup. On the other hand, moderately-desensiti-
zing P2X4 (Bo et al., 1995; Buell et al., 1996a; Wang et al., 1996) and P2Xg (Collo et al.,
1996) are neither sensitive to afpmATP nor blocked by P2 antagonists representing,
still, a distinct subgroup. It should be noted, however, that P2X, was also reported to be
slightly sensitive to both suramin and PPADS (Soto ef al., 1996a). On the same token,
pre-incubated suramin (100 uM and 100 uM ATP) as well as PPADS (100 uM and 1 uM
ATP) were found to be efficient P2X, blockers (Séguéla e al., 1996). Further, P2Xg
channels expressed from Xenopus laevis oocytes were determined to be non-responsive
to applications of ATP and various purinergic ligands (Soto et al., 1996b). It is not clear
why rat P2Xg subunits possessing a P2X,-like phenotype, as mentioned formerly, were
described in transfected mammalian HEK-293 cells (Collo ef al., 1996).
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Homomultimeric P2X7 receptors (Surprenant et al., 1996) constitute a special group by
itself compared to the other six Py subunits. First, non-desensitizing P2X7 channels
are activated by ATP only at 100 uM or more (ECsg = 115 uM); on the other hand, they
are sensitive to BzATP (ECsp = 7 uM) (Surprenant et al., 1996). Second, P2X,
mediated BzATP responses were found to be relatively insensitive and moderately
sensitive to suramin and PPADS, respectively (Surprenant et al., 1996). Third and
most importantly, P2X; proteins are bifunctional molecules. In other words, they
function as non-selective small cation channels similar to other Py isoforms under brief
and well spaced-out agonist applications; conversely, under short frequent ligand appli-
cations, P2X7 receptors gave rise to lytic pores permeant to large hydrophilic molecules
in the hundreds of dalton range (Surprenant et al., 1996).

Another Pz phenotype worth separating from homomultimeric P2X; to P2Xjy
receptors, inclusively, constitute the heteropolymers composed of P2Xy and P2X3
(P2X,3) subunits with hybrid functional properties (Lewis e al., 1995). P2X,, high
aBmATP sensitivity is conferred by P2X3; subunits but P2Xj,5 non-desensitizing
channel kinetics come from the contributions of P2X; subunits. Further, this pheno-
type has been observed natively in sensory neurons (Lewis et al., 1995) where P2X;, and
P2X3 mRNA and proteins have been localized (Collo ef al., 1996). Direct physical
interactions between P2X5 and P2X3 subunits has been recently demonstrated through
co-immunoprecipitation assays via a bacculovirus-infected Sf9 cell expression system
(Radford et al., 1997). Until recently, the P2Xs,3 hetero-oligomeric chanmnel phenotype
constituted the only known example whereby two different Py subunits assemble
together to give rise to a novel receptor phenotype unaccounted for by either homomul-

timeric components.
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1.4.5 BIOPHYSICAL PROPERTIES

Various aspects pertaining to biophysical properties of recombinant Pgx subunits have
been investigated. More specifically, ionic selectivity and channel rectification behavior
as well as calcium permeability have been studied. Results on receptor domains
thought to be involved in channel desensitization kinetics as well as membrane topo-
logies have been reported. Single channel conductance values as well as determinants
of the ion conduction vestibule have also been analyzed. Most recently, the formation of

large pores by neuronal Pgy subunits have been demonstrated.

Reminiscent of nicotinic acetylcholine and glutamate-activated receptor gene super-
families, ATP-gated Py ion channels have been shown to be equally permeable to
monovalent cations, namely, potassium and sodium ions (Buell et al., 1996b). On the
same token, channel rectification properties have been observed to be subunit-depen-
dent. More specifically, only P2X; and P2X3 subunits have been reported to display
marked inwardly rectifying properties (Brake et al., 1994; Chen et al., 1995). Similar to
NMDA (Rogers and Dani, 1995) and a7 nicotinic receptors (Séguéla et al., 1993),
although to a lesser extent, Pyx receptors also display a high permeability to calcium
(pCa/pNa = 4) (Lewis et al., 1995; Buell et al., 1996a; Soto et al., 1996a), a property with

important physiological consequences.

Structural elements thought to modulate channel kinetic properties have been studied
for P2X; and P2X, subunits (Werner et al., 1996). Briefly, it was shown that neither the
extracellular domain nor both N- as well as C-termini were required to confer channel

kinetic properties. P2Xs-like non-desensitizing kinetics were found to be dominant over
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P2X;-like strong desensitizing properties. Further, it was concluded that these specific
kinetic properties were presumably due to intrinsic conformational changes at the level
of the quaternary structure of the channel complex (Werner et al., 1996). Interestingly,
in a recent topological determination report confirming that P2X receptors are charac-
terized by a large extracellular domain connected by two transmembrane segments of
which both N- and C-termini are on the intracellular side (Torres et al., 1998a), P2X,
and P2X3; monomeric subunits in tandem (P2Xs-P2X3) have been shown to behave
similarly to P2X,,3 channels (Torres et al., 1998a). Therefore, these two studies
(Werner et al., 1996; Torres e al., 1998a) strongly suggest that either P2X5.0,3.3
(identical subunits in adjacent positions) or P2Xs,3,2.3 (similar isoforms in opposite

configurations) would give rise to non-desensitizing kinetic properties.

Reported native Pax receptor phenotype single channel conductance values ranged ap-
proximately from 10 to 20 pS (Nakazawa et al., 1990; Fieber and Adams, 1991;Vincent,
1992; Silinski and Gerzanich, 1993; Sun and Stanley, 1996; Khakh et al., 1997). This is
in agreement with single channel conductance estimates reported for recombinant
P2X;, P2X,, and P2X, subunits being 18, 21, and 9 pS, respectively (Evans, 1996). On
the other hand, P2X3 receptor currents were too flickery to warrant reliable estimates
(Evans, 1996). Unitary conductance values for P2X5, P2Xg, and P2X7 subunits remain
to be determined. However, P2Xg receptors have been shown to be silent under similar
experimental conditions studied for other Ps; isoforms heterologously expressed from
Xenopus laevis oocytes (Soto et al., 1996b). It would be interesting to pursue single
channel conductance studies pertaining to P2X; subunits, notably, under conditions
whereby these receptors would give rise to lytic pore formation (Surprenant et al.,

1996). In addition to unitary conductance estimates, the localization of the conduction
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vestibule of Pgx channels has been analyzed. More specifically, it was found, using
substituted cysteine accessibility method (SCAM), that the M2 domain of each interac-
ting subunit formed the conduction vestibule within Pox complexes (Rassendren et al.,

1997a; Egan et al., 1998).

Last but not least, it has been shown recently that, besides non-neuronal -P2X7 sub-
units, neuronal P2Xs and P2X, as well as heteromultimeric P2Xo,3 receptors (Khakh ef
al.,1999; Virginio et al., 1999) were capable of giving rise to quaternary complexes per-
meable to large cations in a similar manner to P2X, channels (Surprenant et al., 1996).
However, neuronal Pgx subunits (Khakh et al., 1999; Virginio ef al., 1999) could not give
rise to lytic pores leading to cell death as it was observed for P2X; (Surprenant et al.,
1996). Homomultimeric P2X; or P2X3 (Nicke ef al., 1998), and P2X; subunits (Kim et
al., 1997) have been shown to give rise to trimeric and tetrameric quaternary struc-
tures, respectively; thus, native Pax subunit composition and stoichiometry remain to
be established (Virginio e al., 1999) not only pertaining to Pox channels per se but also

under conditions whereby large pore complexes are formed.
1.4.6 HUMAN ORTHOLOGS

Although most reported studies pertaining to recombinant Pgx receptors have come
from rodent systems; nevertheless, the mammalian Pgx gene family has also been
expanded to include human Pax orthologs (hPgx). More specifically, excluding hP2X, and
hP2X;5 of which both primary sequences remain unknown, hP2X; (Valera et al., 1995),
hP2X3 (Garcia-Guzman et al., 1997a), hP2X, (Garcia-Guzman et al., 1997b), hP2Xg
(Urano et al., 1997), and hP2X7, (Rassendren ef al., 1997b) subunits have been cloned
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and characterized. Briefly, the homology between human and rat counterparts is 89%,
93%, 87%, and 80% for P2X;, P2X3, P2Xy, and P2X5, respectively (Soto et al., 1997).
Human P2X;, P2X3, P2X,, and P2X7 subunits have been reported to have similar
biophysical properties with their rodenf orthologs. Although the primary sequence for
hP2X¢ has been reported (Urano et al., 1997), yet, its functional properties remain to be

investigated.
1.5 PATHOPHYSIOLOGICAL CORRELATES

ATP released into the extracellular milieu is believed to be implicated either directly or
indirectly in various pathophysiological conditions based upon mostly circumstantial
experimental observations. For instance, ATP has been observed to elicit pain
sensations both in animal models and human blister preparations. In agreement with
these observations, most Pox genes have been found in sensory neurons notably in
nociceptive pathways based upon in situ hybridization and immunocytochemical
studies as previously mentioned. Therefore, we hypothesize that there is a link between
the nociceptive responses elicited by extracellular ATP and painful sensations.
However, ATP activates Pgx channels as well as Pgy receptors and many other less well
characterized P2 transmembrane proteins in addition to P1 receptors following its

degradation to ADP and adenosine by various membrane-bound ATPases.

Another example where Py receptors could play a role is during global forebrain
ischemia attacks (Braun ef al., 1998). Hypoxia-induced ATP release may be damaging
to neurons as well as microglia through Pgx-mediated calcium influxes (Edwards, 1996).

Further, transient forebrain ischemic attacks are known to affect selectively hippo-
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campal CA3 neurons (Kraig et al., 1995; Braun ef al., 1998) where Psx currents have
been recorded (Ross et al., 1998). Moreover, the mossy fibers contacting CA3 neurons
contain the densest pools of releasable zinc in the brain (Crawford and Connor, 1972)
and this divalent cation can potentiate excitatory Pg receptors (Li ef al., 1993).
Another non-exclusive possibility arises when ATP, known to be co-released with gluta-
mate (Inoue e al., 1995), potentiates glutamate cytotoxicity (Braun ef al., 1998).
Despite these potential effects, direct Pgx receptor involvement under hypoxia condi-

tions within hippocampal neurons and microglia remains to be demonstrated.
1.6 THERAPEUTICAL IMPLICATIONS

To what extent and under which conditions ATP-gated P ox ion channels are involved in
various peripheral sensory modalities, notably pain perceptions, will be the field of
intense research. More specifically, future studies employing molecular genetic
techniques such as gene knockout animal models would be helpful in assessing, for
instance, the role of exclusively sensory neuron-expressed P2X3 subunits. Moreover,
blockers used so far in Py¢ research are in fact non-specific P2 antagonists. Thus, it
would be helpful to design Pgx-specific blockers in order to validate ATP-gated channels

as potential therapeutical targets.
1.7 INTRODUCTION SUMMARY
In conclusion, although classical pharmacological studies coupled to modern molecular

biological techniques has provided significant advancements in the field of fast-acting

' purinergic neurotransmission, there still remains a number of unresolved issues awai-
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ting to be addressed. For instance, subcellular protein localization of major central Pox
subunits are currently unavailable, thus, rendering it difficult to assess the physiologi-
cal contribution of Pox ion channels within various brain structures. Similarly, relevant
central Pgx subunit composition as well as species-dependent properties remain to be
investigated. Accordingly, our significant contributions to these aforementioned issues
will be described more elaborately in the upcoming chapters.
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As can be assessed from the previdus chapter, despite extensive ATP-gated Py ion
channel functional characterization, there are still several unaddressed issues pertai-
ningto Pgx protein localization within the CNS (Lé e al., 1998a); relevant Poy isoform
composition within heteropolymeric receptors (Lé et al., 1998b; Lé ef al., 1999); and
species-dependent Pox ortholog properties (L& et al., 1997). Accordingly, all four selected
research objectives are centered around these themes. Therefore, the present chapter
will present, more elaborately, the rese_aarch rationale behind each of these selected

published manuscripts as well as the different methodologies used.

2.1 FIRST OBJECTIVE

SENSORY PRESYNAPTIC AND WIDESPREAD SOMATODENDRITIC IMMUNOLOCALIZA-
TION OF CENTRAL JONOTROPIC Pox ATP RECEPTORS (Lé et al., 1998a) — Research
Rationale. Although in situ hybridization and Northern blot data were available from
ATP-gated Py receptor molecular cloning studies (Buell et al., 1996b), regional and
cellular as well as subcellular Pgx protein expression profiles within CNS structures are
currently limited thereby rendering difficult the task to assess the potential physiologi-
cal contributions of central ATP-gated channels and fast purinergic transmission.
Therefore, we document in the first manuscript (Lé et al., 1998a) the protein localiza-
tion of a predominant central Pgx subunit, P2X,, at the regional, cellular, and ultrastruc-
tural level using affinity-purified rabbit polyclonal antibodies raised against the
predicted C-terminal domain of the protein reported by Séguéla et al. (1996) and else-
where (Bo et al., 1995; Buell et al., 1996a; Soto et al., 1996a; Wang ef al., 1996).

Methodologies. First, both in situ immunofluorescence and immunoblotting strategies
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were used to validate the specificity of our anti-P2X, polyclonal antibodies from warious
Pgax cDNAs transiently transfected into HEK-293A cells. Second, P2X4 protein regional
distribution patterns were determined from standard western blotting techniques from
various homogenates of rat brain structures. Third, P2X, cellular protein localization
were analyzed through standard immunocytochemical stainings, within brain amd spi-
nal cord. Fourth, the study demonstrated sensory pre- and postsynaptic P2X4 localiza-

tion.

22 SECOND OBJECTIVE

CENTRAL P2X4 AND P2Xg CHANNEL SUBUNITS CO-ASSEMBLE INTO A INOVEL
HETEROMERIC ATP RECEPTOR (Lé et al., 1998b) — Research Rationale. Based
upon electrophysiological recordings involving various preparations from brain (Ed-
wards et al., 1992; Mateo ef al., 1998; Ross et al., 1998), spinal cord (Bardoni: ¢ al.,
1997), and peripheral nervous system (Sun and Stanley, 1996; Gu and MacDermott,
1997), native Pgx pharmacological phenotypes have been shown to be activated by
afmATP and/or blocked by suramin. Similarly, previously reported autoradiogrraphic
binding data using [3H]oapBmATP ligand have revealed widespread binding sites for this
radioactive ATP analog within various CNS structures (Michel and Humphrey., 1993;
Bo and Burnstock, 1994; Balcar et al., 1995). However, according to in situ hybri-
dization data obtained with Pgx probes (Collo et al., 1996) only P2X,4 and P2Xg mRNAs
were both predominantly and widely transcribed in an overlapping pattern within rat
brain (Collo et al., 1996). These two central Pgx isoforms have been characterized by
their lack of sensitivity to both afmATP and suramin block (Bo et al., 1995; Buell ef al.,

1996a; Collo et al., 1996; Wang et al., 1996). We report in the second manuscript (Lé
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et al., 1998b) the demonstration of the association between P2X4 and P2Xg subunits
that gave rise to a novel Pgx phenotype more sensitive to afmATP and suramin than
P2X4 homomers. This subunit-specific heteromultimeric interaction generating P2X4.¢
channels was also confirmed biochemically.

Methodologiies. First, Xenopus laevis oocytes co-expressing P2X4 and P2Xg subunits
responding to ATP, aBmATP, and 2MeSATP as well as to P2 antagonists such as sura-
min, PPADS, and RB-2 were assessed and compared to responses in oocytes expressing
P2X, or P2X; alone under identical experimental conditions. Novel pharmacological pro-
files from heteropolymeric P2X g receptors were corroborated and strengthened by an
established co-purification assay (Tinker ef al., 1996).

23 THIRD OBJECTIVE

FUNCTIONAL AND BIOCHEMICAL EVIDENCE FOR HETEROMERIC ATP-GATED
CHANNELS COMPOSED OF P2X; AND P2Xy SUBUNITS (Lé et al., 1999) — Research
Rationale. Besides P2X; and P2Xg being major subunits within various brain
structures, in situ hybridization data have also indicated that P2X; and P2X5 were
major transcripts within various laminae of the ventral horn of the spinal cord (Collo e
al., 1996). All neuronal Psx mRNAs, including P2X; and P2X5, have been reported to be
transcribed in primary sensory neurons (Collo & al., 1996). Native sensory Pg res-
ponses recorded have been accounted for by the expression of heteromultimeric P2Xo,3
receptors (Lewis ef al., 1995). However, recent immunocytochemical results have
indicated that certain populations of sensory neurons did not co-localize their expressed
P2X5 and P2X3 subunits (Vulchanova ef al., 1997). These observations point toward
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the intringuing possibility that previously thought P2Xo,3-mediated responses from
some sensory neurons might, in fact, have been mediated by other receptors. Accor-
dingly, the third manuscript (Lé e al., 1999) was undertaken assuming that P2Xj.s
receptor would display hybrid functional properties between P2X; pharmacology and
P2Xs channel kinetics. In response to low aPmATP concentrations (1-10 uM), Xenopus
oocytés expressing P2Xs receptor alone should not give rise to any significant responses
(Collo et al., 1996); whereas homomultimeric P2X; channels should give rise to rapidly
desensitizing currents (Valera ef al., 1994); on the other hand, oocytes co-expressing
P2X; and P2X; subunits should give rise to non-desensitizing responses similar to those
observed for P2Xo,3 heteromultimeric receptors (Lewis ef al., 1995).

Methodologies. Strategies adopted here will be similar but more complete than those
used for the P2X 4,6 project (Lé et al., 1998b). First, TNP-ATP ICs, values were
measured to assess any differences between P2X;, P2X5, and P2Xj.5 receptor pheno-
types; in addition to respective ATP, apmATP, and ADP ECsj values. Second, recipro-
cal co-purification were performed between P2X;(His)s and P2X;-Flag as well as
between P2Xg(His)s and P2X;-Flag.

24 FOURTH OBJECTIVE

PRIMARY STRUCTURE AND EXPRESSION OF A NATURALLY TRUNCATED HUMAN
Pox ATP RECEPTOR SUBUNIT FROM BRAIN AND IMMUNE SYSTEM (Lé ef al., 1997)
— Research Rationale. ATP-gated Pox ion channels are thought to play a significant
role in various nociceptive signaling pathways (Cook et al., 1997). Species-dependent

properties of Pox receptors should be taken into account in the development of Pox-
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specific antagonists with therapeutical values such as novel analgesic agents. There-
fore, this cloning project corresponding to the fourth manuscript (Lé et al., 1997) was
undertaken to characterize the human ortholog to rat P2Xs, which has been shown to
display the most restricted diétribution among all rat Pox subtypes (Buell ef al., 1996b).

Methodologies. Taking advantage of the molecular cloning of a predominant central
P2X isoform previously reported by Séguéla et ai. (1996) and elsewhere (Bo ef al., 1995;
Buell et al., 1996a; Soto et al., 1996a; Wang et al., 1996), the P2X, sequence was used
for virtual screening of the dbEST database (Lennon e al., 1996) with the TBLASTN
algorithm. hP2Xzp cDNA was nuclear-injected into Xenopus laevis oocytes for func-
tional as well as pharmacological studies. hP2Xsr cDNA was transiently transfected in
human embryonic kidney cells (HEK-293A) for biochemical characterization of the

encoded protein using, namely, Western blots and in sitz immunofluorescence.
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ATP is now recognized as a bona fide neurotransmitter (Brake and Julius, 1996).
Extracellular ATP-mediated Py responses have been documented in various CNS
structures by electrophysiological recordings (Buell et al., 1996b). Further, indirect
evidence regarding the anatomical distribution of the receptors mediating these puri-
nergic ionotropic responses have also been described through autoradiographic binding
studies (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995). On
the same token, mRNA distribution patterns were available recently from ATP-gated
P2x channel cloning works (Collo et al., 1996). However, contributions of Poy ion chan-
nels to fast acting purinergic synaptic signaling can only be assessed with precise ana-
tomical distribution patterns based upon 1mmunocytochem.lstry data. Indeed, there ha-
ve been several protein mapping studies pertaining to Pz subunits (Kanjhan et al.,
1996; Vulchanova et al., 1996; Collo et al., 1997; Cook et al., 1997; Vulchanova et al.,
1997; Bradbury ef al., 1998; Vulchanova et al., 1998); yet, Pgx protein localization of
predominant central subunits, notably P2X,, within both brain and spinal cord was still
unaddressed thereby rendering difficult the task of assessing the physiological role of
‘neuronal ATP-activated receptors. Taking advantage of the molecular cloning of the
major central P2X, isoform reported by our laboratory (Séguéla et al., 1996) and
elsewhere (Bo et al., 1995; Buell et al., 1996a; Soto et al., 1996a; Wang et al., 1996), this
project was pursued to document its protein localization within both brain and spinal
cord. Subunit-specific anti-P2X,4 antibodies raised against the C-terminal domain of
P2X, receptors will be used. The present immunocytochemistry study allowed the loca-
lization of P2X, subunits at regional, cellular, and ultrastructural levels. Main issues
addressed were, firstly, are P2X,-containing receptors expressed on postsynaptic, pre-
synaptic elements, or both? And secondly, to what extent could P2X4-mediated respon-
ses be significant in known pathways within the CNS?
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ABSTRACT

Recent evidence suggests that extracellular ATP plays a neurotransmitter role in the
central nervous system. Its fast ionotropic effects are exerted through a family of Pox
ATP-gated channels expressed in brain and spinal cord. To determine the physiological
significance of central ATP receptors, we have investigated the localization of a major
neuronal Pgx receptor at the cellular and subcellular levels using affinity-purified anti-
bodies directed against the C-terminal domain of P2X4 subunit. Subunit-specific anti-
P2X, antibodies detected a single band of 57 000 + 3000 MW in transfected HEK-293A
cells and in homogenates from adult rat brain. The strongest expression of central Pax
receptors was observed in the olfactory bulb, lateral septum, cerebellum and spinal
cord. P2X, immunoreactivity was also evident in widespread areas including the cere-
bral cortex, hippocampus, thalamus and brainstem. In all regions examined, Pox recep-
tors were associated with perikarya and dendrites where they were concentrated at the
level of afferent synaptic junctions, confirming a direct involvement of post-synaptic
ATP-gated channels in fast excitatory purinergic transmission. Moreover, P2X,-
containing purinoceptors were localized in axon terminals in the olfactory bulb and in
the substantia gelatinosa of nucleus caudalis of the medulla and dorsal horn of the spi-
nal cord, demonstrating an important selective presynaptic role of ATP in the modula-

tion of neurotransmitter release in central sensory systems.
INTRODUCTION

The role of extracellular ATP as a neurotransmitter at neuro-effector and neuro-neuro-

nal synapses in the peripheral nervous system has been convincingly demonstrated
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(see review in Zimmermann, 1994). Furthermore, a growing body of neurophysiological
evidence suggests that ATP is involved in widespread excitatory transmission in the
CNS (Jahr and Jessel, 1983; Fyffe and Perl, 1984; Edwards et al., 1992; Ueno et al.,
1992; Day et al., 1993; Furukawa et al., 1994; Hiruma and Bourque, 1995). Ionotropic
peripheral and central effects of extracellular ATP are exerted through a family of Py

purinoceptors.

Seven different genes coding for mammalian central and peripheral Pox ATP receptor
subunits have been cloned so far. These genes have distinct but partially overlapping
anatomical patterns of transcription that suggest tissue-specific heteromeric assembly
of Pox subunits (Lewis et al., 1995). P2X; subunits are expressed predominantly in
smooth muscle cells (Valera ef al., 1994). P2X, mRNA is found in sympathetic and sen-
sory neurones as well as in the pituitary gland (Brake et al., 1994). P2Xj; is expressed
exclusively in sensory neurones (Chen et al., 1995; Lewis et al., 1995), while P2X5 is also
present in sensory neurones and in a subset of spinal motorneurones (Collo et al., 1996;
Garcia-Guzman et al., 1996). The cytolytic P2X7 receptor was found to be expressed in
immune cells and glial cells of central and peripheral nervous system (Surprenant et al.,
1996).

In situ hybridization studies have shown that P2X, (Bo et al., 1995; Buell & al., 1996;
Séguéla et al., 1996) and P2Xg (Collo et al., 1996) are the only two members of the Pyx
gene family to be widely transcribed in the adult CNS and in periphery. Whether
recorded in recombinant form in Xenopus oocytes (Séguéla ef al., 1996; Soto et al., 1996)
and transfected HEK-293A cells (Buell et al., 1996; Collo et al., 1996), or natively in
cultured epithelial cells from rat maxillary salivary gland (Buell et al., 1996), the homo-
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meric forms of these two receptors display a characteristic low sensitivity to the classi-
cal purinergic antagonists suramin and pyridoxal-phosphate-6-azophenyl-2',4'-disulpho-
nic acid as well as slow desensitization kinetics. There is still no information available,
however, on the cellular and subcellular distribution of these proteins in mammalian
CNS. Yet, this information is critical to our understanding of the physiological role of
central ATP-gated channels.

Taking advantage of the cloning of neuronal Pg receptors, we have developed subunit-
specific polyclonal antibodies directed against P2Xy, one major and widespread compo-
nent of central Pgx receptors. We report here the localization of this receptor-channel
subunit at the regional, cellular and ultrastructural levels in the adult rat brain and spi-
nal cord. A summary of this work has been presented at the XXVIth Annual Meeting of
Society for Neuroscience (Lé ef al., 1996).

MATERIALS AND METHODS
Development and Purification of Subunit-Specific Anti-P2X 4 Antibodies

The cDNA coding for the C-terminal domain of rat P2Xy, corresponding to the last 31
amino acids, the stop codon plus the 3' untranslated region, was amplified in polymerase
chain reaction (PCR) from a full-length clone (Séguéla ef al., 1996) using a sense primer
(TCGGATCCCTCTACTGCATGAAGAAG) containing an artificial BamHI restriction
site and a reverse pcDNAI vector primer. The 672 base pair PCR product was double
digested with BamHI and EcoRI for subcloning in frame with glutathione-S-transferase
(GST) protein in the prokaryotic expression vector pGEX-2T (Pharmacia). The same
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PCR product was double digested with BamHI and Xbal (a natural site present in P2X,)
for subcloning in frame with maltose-binding protein (MBP) in the prokaryotic expres-
sion vector pMAL-c2 (New England Biolabs) for affinity purification purpose. The pro-
duction of GST-P2X fusion protein was induced by 0.1 mM isopropyl-g-thiogalacto-
pyranoside in culture and milligrams of the bacterial protein of 32 000 MW were purified
directly on preparative sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). Excised bands containing 0.2-0.5 mg of GST-P2X,; were mixed with
Freund's complete adjuvant to initiate a standard immunization procedure in rabbits
(Harlow and Lane, 1988). A similar protocol of induction was used to produce a 46 000
MW MBP-P2X, fusion protein that was separated on 12% SDS-PAGE, blotted and dried
on polyvinylidene difluoride PVDF) membrane. Protein concentrations were estimated
by comparision with bovine serum albumin standards in Coomassie Blue staining. IgGs
from positive sera previously selected in western blots were affinity-purified by solid-
phase adsorption using MBP-P2X, on PVDF strips, eluted under acidic conditions (50
mM glycine buffer pH 2.5) prior to rapid neutralization in 2 M Tris buffer pH 8.0 and
followed by 16 h dialysis in 0.01 M phosphate buffer pH 7.4 containing 2% sucrose and 1
mM EDTA.

Construction of Epitope-Tagged Pax Receptor Subunits

P2X; and P2X, receptor subunits were epitope-tagged both to facilitate the localization
of the two subunits in heterologous expression systems and to validate the subunit
specificity of the immunoreactivity observed with anti-P2X, polyclonal antibodies. The
C-terminal Flag octapeptide DYKDDDDK (IBI) was inserted in mutagenic PCR using
oligonucleotide primers designed for the replacement of the natural stop codon of P2X;
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(anti-sense TCACTCGAGGGAGGTCCTCATGTTCTCC) and P2Xy subunits (anti-
sense TGACTCGAGGCGACACTGGTTCATCTC) by an artificial Xhol site. Full-length
mutant Pgx subunits cDNAs were amplified in PCR using Pfu polymerase (Stratagene)
then ligated in-frame to an XhoI-Xbal cassette containing the Flag peptide followed by a
stop codon (Mukerji et al., 1996), before subcloning in the pcDNAI eukaryotic expres-

sion vector (Invitrogen).

Heterologous Expression of Homomeric Psx Receptors in HEK-293A Cells

For transfection of epitope-tagged and wild-type Pox subunits in mammalian cells,
HEK-293A (ATCC #CRL-1573) were grown in Dulbecco's modified Eagle's medium-10%
heat-inactivated fetal bovine serum (Wisent, St-Bruno, Québec) containing penicillin
and streptomycin. Freshly plated cells reaching 30-50% confluency were used for
transient transfection using the calcium phosphate method on 90 mm dishes with 10 ug
supercoiled plasmid DNA/10¢ cells. Heterologous expression of Pgx receptor subunits
was assayed by immunofluorescence and western blot at 36-48 h of post-transfection

time.

Immunolocalization of Pax Receptors in Transfected HEK-293A Cells

After 24-36 h of post-transfection time, HEK-293A cells were plated at 50-70% con-
fluency in poly-L-lysine coated chambers. Four hours later, adherent cells were washed
in phosphate-buffered saline and fixed for 20 min at room temperature with 4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 8.0. After blocking non-specific sites with 2%
normal goat serum (NGS), fixed cells were incubated with affinity-purified and pre-
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adsorbed primary antibodies P2X, (1 ug/ml) or M2 (10 ug/ml) anti-Flag peptide anti-
bodies overnight at 4 °C in 0.05 M Tris-saline buffer pH 7.2 containing 0.5% Triton X-
100, 5% NGS and 5% dry milk powder. Bound antibodies were detected by immuno-
fluorescence after 1 h incubation with fluorescein isothiocyanate-labelled goat anti-

rabbit (1 ug/ml) or Texas Red-Labelled goat anti-mouse (2 ug/ml) secondary antibodies
(ImmunoResearch Labs).

Western Blot of Homogenates from Transfected Cells and Rat Brain Regions

Transfected HEK-293A cells were lifted in Hank's modified calcium-free medium with
20 mM EDTA, pelleted at low speed and homogenized in 10 volumes of 10 mM HEPES
buffer pH 7.4 containing the protease inhibitors phenylmethylsulfonylfluoride (0.2 mM)
and benzamidine (1 mM). Lysates were pelleted at 14 000 g for 5 min to remove cell
debris before protein assay. Various brain regions (see Fig. 3.4) were dissected from an
adult rat and homogenized at 1:10 (w:v) in 20 mM HEPES buffer pH 7.4 containing
0.32 M sucrose, 0.83 mM benzamidine, and 0.23 mM phenylmethylsulphonylfluoride
using a polytron, then pelleted at 14 000 g for 5 min. Protein concentrations in
homogenates were determined using the method of Lowry et al. (1951) as modified by
Peterson (1977) and equal amounts of protein (150 ug/lane) were run on 10-12% SDS-
PAGE, then transferred to nitrocellulose. Depending on the sample, probing was perfor-
med with the following primary antibodies: affinity-purified rabbit anti-P2X,4 anti-bodies
(2 ug/ml) pre-adsorbed with MBP alone, affinity-purified anti-P2X, (2 pg/ml) pre-adsor-
bed with MBP-P2X, (negative controls) or mouse mAb M2 (10 pg/ml, IBI). Appropriate
secondary species-specific peroxidase-labelled antibodies were used for visualization by
enhanced chemiluminescence (ECL; Amersham).
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Immunocytochemistry in Rat Brain and Spinal Cord

Adult male Sprague-Dawley rats (140-180 g; Charles River, Canada) were deeply
anaesthetized with sodium pentobarbital (80 mg/kg, i.p.) and perfused transaortically
with 375 ml of 2% paraformaldehyde (light microscopy) or with 75 ml of a mixture of
3.75% acrolein and 2% paraformaldehyde followed by 300 ml of 2% paraformaldehyde -
(for electron microscopy) in 0.1 M phosphate buffer, pH 7.4. Brains and spinal cords
were dissected out and postfixed for 1 h by immersion in the same fixative. For light
microscopic immunohistochemistry, they were then cryoprotected for 48 h by im-
mersion in a 30% sucrose solution in 0.2 M phosphate buffer pH 7.4 at 4 °C, frozen in
isopentane at -45 °C, and sectioned at a thickness of 30 um on a freezing microtome.
Sections were rinced in phosphate buffer pH 7.4, and incubated for 30 min in 0.1 M Tris
buffer saline, pH 7.4 (TBS) containing 0.03% H203. For electron microscopic immuno-
cytochemistry, the olfactory bulb, cerebellum and cervical spinal cord were blocked off
with a razor blade and serially sectioned at 40 mm thickness on a vibrating microtome
(Vibratome). Both frozen and Vibratome sections were then incubated overnight at 4
°C in Triton X-100 and 20 ug/ml affinity-purified P2X, antibodies pre-adsorbed with
MBP. Negative control samples were incubated with P2X, antibodies pre-adsorbed
with MBP-P2X, or with GST-P2X,, with pre-immune serum (1:1000), or in the absence
of primary antibodies. All sections were then rinsed in TBS and processed using the
avidin-peroxidase-biotin staining method (ABC Elite, Vector Labs). Briefly, they were
incubated with 1:100 biotinylated goat anti-rabbit and 1% NGS for 1 h followed by
1:100 avidin-peroxidase complex for an additional hour. Bound peroxidase was
visualized by immersion of the sections in 0.01 M Tris buffer, pH 7.6, containing 0.05%
3,3'diaminobenzidine (DAB), 0.04% nickel chloride and 0.01% H20s. Frozen sections
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were then mounted on gelatin-coated slides, dehydrated in graded ethanols, defatted in
xylene and coverslipped for light microscopic observation (Paxinos and Watson, 1986).
Vibratome-cut sections were postfixed in 2% OsQ4 in 0.1 M phosphate buffer containing
7% dextrose, dehydrated in graded ethanols and embedded in Epon between two acetate
sheets. They were then mounted at the tip of Epon blocks and cut at 80 nm thickness
on a Reichert ultra-microtome, collected on Formvar-coated copper grids and examined
with a JEOL 100CX electron microscope.

RESULTS

Subunit Specificity of Antibodies Directed Against Rat P2X

The subunit specificity of affinity-purified P2X, antibodies was tested on HEK-293A
cells transfected with various members of the Py gene family. Members of this gene
family display low intersubunit homology in the C-terminal domain chosen for the
production of P2X, antibodies (Fig. 3.1). Since the primary structure of the P2X; sub-
unit is the closest to that of P2Xy in this region, we expressed epitope-tagged P2X; sub-
units in HEK-293A cells to challenge the specificity of our P2X, antibodies. No immu-
nofluorescence was visible above background level in permeabilized HEK-293A cells ex-
pressing Flag-tagged P2X; (Fig. 3.2), Flag-tagged P2X5 or the wild-type subunits (data
not shown). In western blots of crude homogenates from transfected cells, P2X, anti-
bodies and anti-Flag mAb M2 recognized the same major protein band of 57 000 + 3000
MW (n = 4) corresponding to Flag-tagged P2X; monomers (Fig. 3.3). P2X, antibodies
detected a major protein band of 56 000 + 3000 MW (n = 4) corresponding to wild-type
P2X,4 monomers. In keeping with our immunofluorescence results on whole cells, P2X,
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antibodies did not bind to homologous P2X; subunits in homogenates (Fig. 3.3). An im-
munoreactive band of 100 000 MW was detectable in homogenates of HEK-293A cells
transfected with epitope-tagged P2X, receptors (Fig. 3.3). This labelling, observed both
with M2 and P2X, antibodies, likely corresponds to multimers of overexpressed Psx
subunits. In western blots of crude homogenates from multiple regions of the adult rat
brain, affinity-purified P2X, antibodies labelled a single major band of 57 000 + 3000
MW (n = 7) (Fig. 3.4) in concordance with the size of P2X, subunits heterogously
expressed in HEK-293A cells. The labelling of a single major band demonstrated the
monospecificity of our affinity-purified antibodies. P2X,4 immunoreactivity was detec-
table in all brain regions examined. However, relative P2X, protein levels varied consi-
derably between areas, i.e., from very low expression in the striatum to very high ex-

pression in the olfactory bulb (Fig. 3.4).
Light Microscopic Localization of P2X4 Subunits in Rat Brain and Spinal Cord

In rat braﬁ sections, P2X, immunoreactivity was detected with variable intensity
throughout the neuraxis. Incubation of control sections with either preimmune serum
or with purified serum pre-adsorbed with the C-terminal fragment of P2X,4 in MBP-P2X,
markedly decreased or completely abolished the immunoreactivity in most regions
examined (Fig. 3.5). Only those regions in which adsorption controls showed a marked
decrease in P2X4 signals are considered below.

The most intense P2X, immunoreactivity in rat brain was detected in the glomerular
layer of the olfactory bulb (Figs. 3.5-A, 3.6-A) and in the outer layers of the nucleus of
the spinal trigeminal tract and dorsal horn of the spinal cord (Fig. 3.6-B). In both of
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these regions, the labelling was diffusely distributed throughout the neuropil (Fig. 3.6-A,
B). In all other brain areas, P2X4 immunostaining was confined to neuronal perikarya
and proximal dendrites.

Rostrally, intensely immunoreactive neurones were observed in the mitral cell layer of
the olfactory bulb (Fig. 3.6-A). Perikarya and proximal dendrites of tufted cells in the
external plexiform layer were much less frequently and only weakly stained.

Moderately immunoreactive pyramidal cells were detected throughout the cerebral
cortex. These were particularly numerous in layers IT and ITI (Fig. 3.7-A), but were also
scattered throughout layer V. There were no consistent patterns between differences in
labelling patterns between different cytoarchitectonic areas.

Intensely P2X,-immunopositive neurones were observed in the lateral septal nucleus
(Fig. 3.7-B, C). These neurons showed gmnulér staining of the perikaryon extending
into proximal dendrites (Fig. 3.7-B). More medially, small, less intensely labelled cells
were visible on the midline, within the medial septal nucleus (Fig. 3.7-C). These labelled
cells were co-extensive ventrally with equally moderately labelled neurons in the
vertical limb of the diagonal band of broca (Fig. 3.7-C). In the caudate-putamen,
sparse, lightly immunoreactive spiny type II neurons were visible, most prominently in
the ventrolateral segment. No immunoreactive cells véere apparent in the nucleus ac-

cumbens.

In the hippocampus, a subset of moderately to densely stained neurons were detected
throughout the pyramidal layer of the CAl, CA2 and CA3 subfields. As can be seen in
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Fig. 3.8, these labelled cells were most numerous in CA2 and at the CA2/CA3 border, as
well as at the hilar extremity of CA3. Multiple P2X -immunoreactive cells were also
visible within the granule cell layer of the dentate gyrus. In addition, small, intensely
labelled cells were dispersed throughout the hilus as well as in striata oriens and radia-
tum of the hippocampus.

The reticular, anterodorsal and ventrolateral nuclei of the thalamus exhibited large

numbers of moderately immunoreactive nerve cell bodies over relatively high non-

specific background labeling.

In the hypothalamus, weakly immunoreactive nerve cell bodies were apparent within
the anterior hypothalamic and suprachiasmatic nuclei. In the former, P2X4-immuno-
reactive cells were sparse and mainly distributed in the lateral segment of the nucleus.
In the latter, P2X-immunoreactive perikarya were more numerous, more intensely

immunoreactive, and uniformly distributed throughout the nucleus.

Within the brainstem, only a few nuclei showed significant immuno-adsorbable cellular
staining. These include the dorsal tegmental and dorsal raphe nuclei of the midbrain
and the main sensory nucleus of the trigeminal nerve. Moderate, highly punctate peri-
karyal staining was also observed in the substantia gelatinosa of the nucleus of the
spinal trigeminal tract (nucleus caudalis) and dorsal horn of the spinal cord. These
immunolabeled cells often poorly stood out against the intense neuropil staining in their
surround (Fig. 3.6-B).

In the cerebellar cortex, Purkinje cells were consistently heavily labelled (Fig. 3.9-A).
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The immunostaining was most pronounced at the level of their perikarya, where at high
magnification it took the form of small intracytoplasmic puncta, but was also observed,
albeit more weakly, throughout their dendritic tree (Fig. 3.9-A). Only sparse, weakly im-
munoreactive neurons, presumably Golgi cells from their size and localization, were
detected in the granule cell layer. Finally, central non-neuronal cells including leptome-
ningeal cells of the pia mater (Fig. 3.9-B), perivascular cells and some endothelial cells of
intraparenchymal blood vessels showed intense P2X4 immunoreactivity.

Electron Microscopic Localization of P2X4 Subunits in the Olfactory Bulb, Cervical Spi-
nal Cord and Cerebelum

In olfactory bulb glomeruli, P2X4 immunoreactivity was evident within both dendrites
(not shown) and axon terminals (Fig. 3.10-A). In both structures, the labelling was dif-
fusely distributed throughout the cytoplasm and heavily deposited over synaptic spe-
cializations (Fig. 3.10-B). In layers I and II of the dorsal horn of the spinal cord, P2X,
immunoreactivity was detected within neuronal perikarya, dendrites and axon
terminals. In perikarya and dendrites, the reaction product was mainly absorbed on the
outer surface of mitochondria, microtubules and various vesicular elements (Fig. 3.10-
C, D). Heavy DAB deposits were also visible along the plasma membrane, predomi-
nently at the level of synaptic junctions (Fig. 3.10-C). In axon terminals, the reaction
product was present throughout the cytoplasm and heavily concentrated on the mem-

brane of synaptic vesicles and over synaptic densities (Fig. 3.10-E, F).

In cerebellar cortex, P2X,; immunolabelling was mainly evident over the perikarya and
dendrites of Purkinje cells (Fig. 3.11). In both of these structures, heavy chromogen
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deposits were apparent along the plasma membrane (Fig. 3.11-B, C) as well as over the
membranes of a variety of intracellular organelles including cisterns of rough endoplas-
mic reticulum (Fig. 3.11-A, C), Golgi saccules and vesicles (Fig. 3.11-A) and mitochon-
dria (Fig. 3.11-A, B). In some instances, plaques of heavy DAB deposits were visible
over clusters of endoplasmic reticulum cisternae and Golgi saccules (Fig. 3.11-A) which
likely accounted for the intracytoplasmic granularity observed in the light microscope.

DISCUSSION

Affinity-purified P2X, antibodies detect wild-type P2X,4 channel subunits migrating at a
MW of 56-57 000 both in heterologous systems and in adult rat brain. The significant
difference between the predicted MW of non-glycosylated P2X, subunit (44 000) and the
observed MW strongly suggests that the protein is N-glycosylated on several of the six
potential glycosylation sites found in the presu:rped extracellular domain of rat P2X,. A
post-translational modification of similar magnitude has been previously reported for
the rat P2X; subunit (Collo & al., 1996).

The assessment of the subunit-specificity of our polyclonal P2X, antibodies rests on
convergent structural, biochemical and anatomical data. From a structural point of
view, each member of the Pox receptor family has a unique C-terminal domain. A high
degree of divergence is observed in this domain even between subunits that have similar
functional properties in the homomeric form. As neither P2X; transcripts (Collo ¢t al.,
1996) nor P2X; subunits (Vulchanova et al., 1996) are detected in the adult rat brain,
the most likely candidate for cross-reactivity would have been the P2Xg subunit which,
like P2X4, is widely expressed in the CNS (Collo et al., 1996). However, P2Xg displays a
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short C-terminal domain that does not share any related sequence with P2X,, making it
unlikely to account for the observed immunoreactivity. The immunolabeling of a single
major band of the expected size in homogenates from brain regions demonstrates that
the set of epitopes recognized by anti-P2X, antibodies in the C-terminal domain of these
ATP-gated channels is unique in the mammalian CNS. Furthermore, the regional dis-
tribution of P2X, immunoreactivity in rat brain conforms to the results of earlier in situ
hybridization studies (Bo et al., 1995; Buell e al., 1996; Collo et al., 1996; Séguéla ef al.,
1996), confirming the specificity of the signal.

The selective distribution of P2X4 immunoreactivity observed here in the rat CNS is
also in good qualitative and quantitative agreement with the results of autoradiography
using radiolabelled [*H]a,8-methylene ATP (Michel and Humphrey, 1993; Bo and
Burnstock, 1994; Balcar et al., 1995). However, P2X; and P2Xg subunits generate
homomeric receptors insensitive to a,8-methylene ATP. Therefore, the correlation
between the P2X, immunostaining reported here and previous radioligand binding re-
sults implies two non-exclusive possibilities: (a) a,8-methylene ATP binds with high-af-
finity to P2X,4 and P2Xg homomeric receptors but is not an agonist because its binding
site is not coupled to channel gating; (b) an unidentified central subunit with a similar
widespread regional distribution confers a,8-methylene ATP binding and sensitivity to
heteromeric channels containing P2X4 and/or P2X¢ subunits.

The most intense P2X, expression in the rat brain was detected in the glomeruli of the
olfactory bulb and in the dorsal horn of the spinal cord, two regions in which the
immunostaining pervaded the entire neuropil. In olfactory bulb glomeruli, the labeling

was found by electron microscopy to be associated with both axonal and dendritic pro-
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cesses. In view of the strong labeling of primary afferent axons observed in the olfac-
tory nerve layer by light microscopy, axonal P2X,; immunoreactivity is likely to be
mainly associated with primary afferents in the glomeruli. Labelled dendrites presu-
mably belong to either tufted cells, as both of these have been shown to extend their
dendrites within glomeruli (Pinching and Powell, 1971; DeVries and Baylor, 1993). This
interpretation conforms to the recent demonstration of P2X; mRNA within these two
cell types by in situ hybridization (Buell et al., 1996).

In the spinal cord, intense P2X4 immunoreactivity was observed by electron and/or light
microscopy over neuronal perikarya and axon terminals in the marginal layer and in the
substantia gelatinosa of the spinal cord and nucleus caudalis, two areas involved in pain
information processing where ATP has been previously shown to modulate synaptic
transmission (Li and Perl, 1995). Whether the axonal P2X, subunits visualized here by
immunohistochemistry are located on primary sensory afferent fibers or are part of
local circuits remains to be established. The detection of P2X4 mRNA in sensory neu-
rons of dorsal root ganglia (Lewis et al., 1995) supports the former possibility.

In all other regions of the rat brain, P2X, immunoreactivity was associated with neuro-
nal perikarya and proximal dendrites, thereby accounting for the good correlation with
in situ hybridization data. Within P2X -immunoreactive cells, the bulk of the immuno-
staining was consistently intracellular, in the form of small intracytoplasmic "hot
spots". Such a high proportion of intracellular receptors has been reported for other
types of neuronal transmitter-gated channels, including nicotinic acetylcholine recep-
tors (Hill et al., 1993) and glutamate-gated channels (Rogers et al., 1991). Electron mi-
croscopic observations confirmed the heterogeneity of P2X, intracytoplasmic labeling
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and showed that these "hot spots" correspond to stacks of rough endoplasmic reticulum
cisterns and to congregated Golgi saccules and vesicles, i.e., to putative sites of synthe-

sis, storage and transport of the ATP receptors.

Dense chromogen deposits were also observed along the outer mitochondria membrane
and microtubules of labeled perikarya and dendrites, as well as over membranes of sy-
naptic vesicles within labelled axon terminals. The interpretation of these labeling pat-
terns should be subject to caution, however, given the reported limitations in the sub-
cellular resolution of DAB cytochemistry (Novikoff et al., 1972).

A major finding of the present ultrastructural investigation is that P2X, is asssociated
both with intraneuronal perikarya/dendrites and with axon terminals, indicating that
they mediate both post- and pre-synaptic ATP signalling. In the olfactory bulb, this
double localization suggests that fast purinergic transmission is involved in both pre-
and postsynaptic regulation of olfactory and nociceptive sensory pathways, an inter-
pretation strengthened by the presynaptic localization of P2X; and P2Xs subtypes in
the same areas (Vulchanova ef al., 1996). This argues strongly in favor of ATP playing
a specific modulatory role in sensory information processing through heteromeric P2Xy-

containing ionotropic receptors.

In other brain areas studied, such as the hippocampus and cerebellar cortex, it appears
that ATP mainly plays a postsynaptic neurotransmitter role through P2Xs-containing
receptors. In the hippocampus, the highest levels of P2X,; immunoreactivity were de-
tected in the pyramidal layer of all CA subfields as well as in granule cells of the dentate

gyrus. ATP-induced currents mediated by homomeric P2X4 receptors are potentiated
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by extracellular zinc (Séguéla ef al., 1996; Soto e al., 1996). This potentiation of fast
purinergic responses by zinc, recorded in various preparations (Cloues et al., 1993; Li et
al., 1993; Koizumi et al., 1995), is a general property of neuronal ATP-gated channels. |
The hippocampal mossy fibers that synapse on CA3 pyramidal cells contain the
highest concentration of releasable zinc in the brain (Crawford and Connor, 1972).
Therefore, in contrast to the receptors expressed in CA2 where pyramidal cells are not
contacted by mossy fibers, the activity of P2X -containing ATP-gated channels loca-
lized on the dendrites of CA3 pyramidal cells and/or interneurons could be regulated by
synaptic zinc, the dysfunction of which may have pathological consequences (Reece et
al., 1994; Buhl et al., 1996). The cerebellar cortex is the central structure which shows
the highest level of P2X, subunit expression by in situ hybridization (Buell e al., 1996;
Séguéla et al., 1996; Soto et al., 1996). We demonstrate here that P2X; receptors are
associated with both the perikaryal and dendritic membranes of Purkinje cells. The
main sources of direct excitatory input to the Purkinje cells are the parallel fibers from
granule cells and the climbing fibers from the inferior olivary complex (Palay and Chan-
Palay, 1974). Thus, our results suggest that ATP may be co-released with excitatory
amino acids to control the firing activity of Purkinje cells. And finally, the significant
levels of P2X, receptor expression observed in subpopulations of leptomeningeal cells of
the pia mater and perivascular cells suggest an unexpected role for extracellular ATP
as a signalling molecule in various vascular-related non-excitable cells through the acti-

vation of ionotropic receptors.

CONCLUSION

Fast purinergic currents recorded in response to the activation of Py channels display
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a significant primary calcium component due to their high permeability to divalent
cations (Buell et al., 1996b; Soto et al., 1996). Our ultrastructural data on the pre-
synaptic expression of P2X4 channel subunit indicate that, by increasing intracellular
calcium, P2X,-containing ATP receptors may selectively control excitatory synaptic
transmission in central sensory systems like the olfactory bulb and the substantia ge-
latinosa of spinal cord.
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FIGURE 3.1 Alignment of the C-terminal domains of rat Pox ATP-gated channel sub-
units. The P2X4 domain (amino acids 358-388) targeted for polyclonal anti-fusion pro-
tein antibodies production is compared with the corresponding sequences in known
members of the Pgx gene family. P2X; channel subunit displays the closest primary
structure to P2X, in this region with 35% homology. Conserved residues in the same

relative position in all Poy channel subunits are indicated in bold.
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FIGURE 3.2 Subunit-specificity of anti-P2X, antibodies in transfected HEK-293 cells.
By immunofluorescence, affinity-purified anti-P2X4 antibodies detect the expression of
Flag-tagged P2X, subunits (P2X4-Flag) but not that of homologous Flag-tagged P2X;
subunits (P2X;-Flag). As positive controls, both epitope-tagged P2X; and P2X,4 channel
subtypes are visualized with anti-Flag mAb M2.
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FIGURE 3.3 Western blots of epitope-tagged and wild-type P2X,4 channels from homo-
genates of transiently transfected HEK-293A cells. Both mAb M2 and anti-P2X,
antibodies detect Flag-tagged P2Xy and anti-P2X, antibodies recognize wild-type P2Xy
channel subunit (56 000 = 3000 MW). The same amount of total proteins (150 ug) has
been loaded in each lane. Each sample has been assayed by immunofluorescence after

expression with appropriate antibodies for checking the efficiency of the transfection.
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FIGURE 8.4 Western blot of rat brain homogenates from microdissected regions using
affinity-purified anti-P2X, antibodies. The single major band detected displays a MW of
57 000 = 3000 corresponding to P2X,; monomers in all regions examined. The same
amount of total proteins (150 ug) has been loaded in each lane. WB, whole brain; BS,
brainstem; CB, cerebellum; ST, striatum; HP, hippocampus; OB, olfactory builb; CX,

cerebral cotex.
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FIGURE 3.5 P2X, immunoreactivity in rat olfactory bulb before (A) and after (B) pre-
adsorption of affinity-purified primary antibodies with an excess of antigen. Immunola-
beling in the olfactory nerve layer (ON), glomerular layer (GI), and mitral cell layer
(Mtr) in (A) is abolished in sections incubated with pre-adsorbed antibodies (B). Scale
bar: 500 um. .
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FIGURE 8.6 Distribution of P2X4 immunoreactivity in the olfactory bulb (A) and dor-
sal horn of the spinal cord (B). (A) Labeling in the olfactory bulb is concentrated over
the olfactory nerve layer (ON), glomerular layer (GI), and individual mitral cells (Mtr).
Note that individual glomeruli are not equally densely immunoreactive, and that weakly
labeled cells are apparent in the external plexiform layer (EPI). Scale bar: 60 um. (B)
P2X, immunoreactivity in the dorsal horn is concentrated over the outer marginal layer
(D) and substantia gelatinosa (IT). Only weak labeling is detected over layer III. Scale
bar: 120 yum.
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FIGURE 3.7 Distribution of P2X, receptor subunits in the piriform cortex (A), lateral
septum (B), and basal forebrain (C). (A) Moderately to densely labeled pyramidal cells
are apparent throughout layers II-ITI. Scale bar: 200 um. (B) Higher magnification of
the framed area in (C). Note the heterogeneity of the perikaryal labeling. LV, lateral
ventricle. Scale bar: 75 um. (C) P2X -immunoreactive cells are visible throughout the
lateral septum (LS), medium septum (MS), and diagonal band of Broca (DBB). CPu,

caudate putamen; ac, anterior commissure. Scale bar: 500 um.
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FIGURE 3.8 Immunolocalization of P2X, receptor subunits in hippocampus. Immu-
nolabeled cells are scattered throughout CA1l, CA2, and CAS3 subfields of the hippocam-
pus as well as within the granule cell layer (gc) and hilus (hi) of the dentate gyrus. In
the hippocampus, P2X -immunoreactive cells are mainly found in the pyramidal cell
layer (py), of which they nonetheless constitute a subpopulation of interneurons and
small pyramidal cells (arrows within inserts). Only sparse immunolabeled cells are

evident in strata oriens (or) and radiatum (ra). 'Scale bar: 300 um. Insert scale bar: 50

um.
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FIGURE 3.9 Distribution of P2X,; immunoreactivity in cerebellar cortex (A) and pia
mater (B). (A) In cerebellar cortex, Purkinje cells (PL) are intensely immunoreactive.
Partial filling of their dendritic tree is also evident in the molecular layer (ML: arrows).
Only sparse, weakly labeled cells are apparent in the granule cell layer (GL). Scale bar:
120 um. (B) In the pia mater, leptomeningeal cells are intensely positive for P2X, im-

munoreactivity. Scale bar: 40 um.
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FIGURE 3.10 Fine structural distribution of P2X immunoreactivity in olfactory
' bulb glomeruli (A, B) and substantia gelatinosa (C-E). (A) Numerous P2X-immunore-
active axon terminals {arrows) are seen to synapse on immunonegative dendritic
trunks (Den). (B) P2X -immunoreactive axon terminals in synaptic contact with a den-
dritic branch (Den). Note the heavy chromogen deposits on the membrane of synaptic
vesicles as well as at the level of the synaptic specialization (arrowheads). (C, D) P2Xy-
iimunoreactive dendrites (Den) in the substantia gelatinosa of the spinal cord. Dense
DAB deposits are appareht at the level of synaptic junctions (arrowheads) as well as
over microtubules and the outer membrane of mitochondria. (E, F) P2X -immunore-
active axon terminals in the substantia gelatinosa. Both terminals show diffuse labe-
ling of their cytoplasm and are seen in asymmetrical synaptic contact (arrows) with
unlabeled dendrites (Den). Scale bars: 0.5 um.
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FIGURE 3.11 Electron microscopic localization of P2X4 immunoreactivity in ce-
rebellar cortex. (A-C) P2X4-immunoreactive Purkinje cell perikarya. (A) Plaques of
dense chromogen deposits are apparent over cisterns of smooth endoplasmic reticulum
(thin arrows) and stacks of Golgi saccules (thick arrows). (B) P2X,4 immunoreactivity is
evident (arrowheads) as well as on the outer membrane of mitochondria (arrows). (C)

P2X -immunoreactive deposits on cisterns of rough endoplasmic reticulum. Scale bar:

0.5 pm.
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Native electrophysiological recordings of central Pgx responses, notably in brain
(Edwards ef al., 1992; Mateo ef al., 1998; Ross e al., 1998) as well as in spinal cord
(Bardoniet al., 1997) have consistently been shown to be sensitive to apmATP and/or
blocked by suramin. Further, autoradiographic binding data involving [(H]jamATP
have revealed widespread binding site profiles of this agonist within both brain and
spinal cord (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995),

in agreement with aforementioned native afmATP-sensitive electrophysiological res-

ponses.

However, according to in situ hybridization results using P2X;- (Valera ef al., 1994) to
P2X7-specific probes (Surprenant et al., 1996), only P2X,; and P2Xg mRNAs are both
predominantly and widely transcribed in an overlapping pattern within rat brain (Collo
et al., 1996). Finally, our own P2X protein mapping data (Lé et al., 1998a) have shown
a good correlation between P2X; mRNA distribution patterns (Collo et al., 1996) and

P2X,4 immunoreactivity (Lé ef al., 1998a).

Thus, functional characterization of heterologously expressed central Pgyx homo-oligom-
mers did not fit with native Py current phenotypes or afmATP autoradiographic
binding data from various central preparations. Indeed, recombinant P2X; or P2Xg
subunits have been known to be unresponsive to afmATP applications as well as
insensitive to suramin block (Bo et al., 1995; Buell ef al., 1996a; Collo ef al., 1996; Wang
et al., 1996). Therefore, to address these discrepancies, this project was undertaken in
order to assess whether P2X, and P2X; subunits could interact together thereby giving
rise to a novel heteromultimeric P2X4,¢ channel phenotype displaying higher sensiti-
vities to apmATP as well as suramin block.
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CENTRAL P2X; AND P2X; CHANNEL SUBUNITS CO-ASSEMBLE
INTO A NOVEL HETEROMERIC ATP RECEPTOR
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ABSTRACT

Ionotropic ATP receptors are widely expressed in mammalian central nervous system.
Despite extensive functional characterization of neuronal homomeric Pgx receptors in
heterologous expression systems, the subunit composition of native central Pgy ATP-
gated channels remains to be elucidated.

P2X,4 and P2X§ are major central subunits with highly overlapping mRNA distribution
at both regional and cellular level. When expressed in Xenopus oocytes, P2Xg subunits
assemble into silent channels unresponsive to ATP applications. On the other hand,
P2X, subunits assemble into slowly desensitizing ATP-gated channels insensitive to the
partial agonist a,f-methylene ATP and to non-competitive antagonists surannn and

pyridoxal-5-phosphate-6-azophenyl-2',4'-disulphonic acid.

We demonstrate here that the co-injection of P2X; and P2Xg subunits in Xenopus
oocytes leads to the generation of a novel pharmacological phenotype of ionotropic ATP
receptors. These heteromeric P2X,,4 receptors are activated by low micromolar «,g-
methylene ATP (ECs9 = 12 uM) and are blocked by suramin and by Reactive Blue 2
which has the property, at low concentrations, to potentiate homo-meric P2Xy
receptors. The assembly of P2X, with P2Xg subunits results from subunit-dependent
interactions, as shown by their specific co-purification from HEK-293A cells transiently
transfected with various epitope-tagged Pox channel subunits. Our data strongly
suggest that the numerous cases of neuronal co-localizations of P2X, and P2Xg
subunits observed in mammalian central nervous system reflect the native expression

of heteromeric P2X 4, channels with unique functional properties.
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INTRODUCTION

Fast purinergic neurotransmission is mediated by non-selective cation channels gated
by extracellular ATP. These transduction proteins, designated as Py receptors, consti-
tute a distinct class of neurotransmitter-gated channels on the basis of their primary
cDNA sequences and their predicted transmembrane protein topology. Currently, se-
ven mammalian Pox genes have been identified with either expression or homology
cloning assays (Buell ef al., 1996). Among the neuronal Pgx receptors, only P2X,; and
P2Xg isoforms are predominantly expressed in the adult rat brain where they show an
overlapping pattern of regional and cellular distribution at the mRNA level (Collo et al.,
1996). Both rat P2X4 and P2Xg homomeri;: subunits are considered as weakly respon-
sive to a,8-methylene ATP (afmATP) and insensitive to P2 antagonists suramin and
pyridoxal-5-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS) when expressed in
HEK-293A cells or Xenopus laevis oocytes heterologous systems (North and Barnard,
1997). Yet, native ionotropic purinergic responses from rat medial habenula, cere-
bellum and hippocampus were blocked by P2 antagonists and most native ATP recep-
tors are activated by apmATP (Edwards e al., 1992; Mateo et al., 1998; Ross et al.,
1998). Moreover, high affinity [3H]-apmATP autoradiographic binding sites have been
localized in specific but widespread regions within the brain and spinal cord (Michel and
Humphrey, 1993; Bo and Burstock, 1994; Balcar e al., 1995). Discrepancies between
pharmacological profiles of heterologously expressed homo-oligomeric Pox subunits and
electrophysiological recordings from neuronal preparations likely reflect the existence of
native heteromeric phenotypes of Pz receptors in central nervous system. Indeed, one
such hybrid Pzx phenotype was recorded in sensory neurons (Khakh e al., 1995; Lewis
et al., 1995) and has been proposed to result from the association between P2X; and
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P2X3 subunits (Lewis et al., 1995; Radford et al., 1997). We describe in this report a
novel Poy heteromeric receptor containing central P2X4 and P2Xg subunits. This pheno-
type of ATP-gated channel is endowed with a unique pharmacology characterized by
increased sensitivities to afmATP, 2-methylthio ATP (2MeSATP), suramin, and Reac-
tive Blue 2 (RB-2) in the Xenopus oocyte expression system.

MATERIALS AND METHODS
Molecular Biology

Wild-type full-length P2X subunit cDNA was obtained by RT-PCR using adult rat spi-
nal cord RT-cDNA template, Expand DNA polymerase (Boehringer-Mannheim) and
exact match primers based upon published primary sequences (Collo et al., 1996; Soto
et al., 1996).

Construction of P2X;-Flag and P2X,-Flag were reported previously (Lé et al., 1998). To
generate epitope-tagged P2Xg-Flag and P2X-(His)¢ subunits, a XhoIl-Xbal cassette
containing an inframe Hisg epitope followed by an artificial stop codon was grafted to
the full-length HindIII-XhoI P2X4 construct.

The P2X -(His)s mutant was then subcloned directionally into the HindIIl and Xbal
sites of pcDNAI vector (Invitrogen) for CMV-driven heterologous expression in mam-

| malian cells and Xenopus laevis oocytes. Epitope-tagged and RT-PCR constructs were
subjected to dideoxy sequencing either manually with Sequenase (UBI) or with an ALF
DNA sequencer (Pharmacia-LKB).
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Cell Culture and Protein Chemistry

For cDNA transfections of epitope-tagged and wild-type Pgx subunits into mammalian
cells, HEK-293A cells (ATCC #CRL-1573) were cultured in Dulbecco's modified Eagle's
medium (D-MEM)-10% heat-inactivated fetal bovine serum (FBS) (Wisent, St. Bruno,
Quebec) containing penicillin and streptomycin. Freshly plated cells reaching 30-50%
confluency were used for transient cDNA transfections with the calcium phosphate
method on 90 mm cell culture dishes (Falcon) with 10 ug of supercoiled plasmid
cDNA/10Scells (Lé et al., 1998). For Western blots, transfected HEK-293A cells were
lifted in Hank's modified calcium-free medium with 20 mM EDTA, pelleted at low centri-
fugation and homogenized in 10 volumes of 10 mM HEPES buffer, pH 7.4, containing
protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM) and benzamidine (1 mM).
Cell lysates were pelleted at 14 000 x g for 5 min and membrane proteins in super-
natants were solubilized with SDS-containing loading buffer. Approximately 150 ug of
protein per lane were run on 12% SDS-PAGE, then transferred to nitrocellulose. Immu-
noprobing was performed with mouse mAb M2 (10 ug/mli, IBI) followed by peroxidase-
labelled anti-mouse secondary antibodies for visualization by enhanced chemilumines-
cence (Amersham). Co-purification of associated Pgx subunits were performed as pre-
viously described for IRK channels (Tinker ef al., 1996) with minor modifications. Cell
lysates were solubilized with 1% Triton X-100 for 2 h at 4 °C. Unsolubilized materials
were pelleted at 10 000 x g and supernatants were incubated with 50 ml of 50% slurry
of equilibrated Ni-NTA-Resin (Qiagen) for 2 h at 4 °C. Nickel beads were then washed
six times in TBS containing 25 mM imidazole and 1% Triton X-100. Bound proteins
were eluted from Ni-NTA-Resin with 500 mM imidazole, diluted 1:1 (v/v) with SDS-
containing loading buffer and warmed for 10 min at 37 °C. Samples were then loaded
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onto a 12% SDS-PAGE, transferred to nitrocellulose, and analysed in Western blots

using chemiluminescence as above.

Electrophysiology

For electrophysiological recordings in oocytes, ovary lobes were surgically removed from
Xenopus laevis frogs anesthetized with Tricaine (Sigma), and treated for 3 h at room
temperature with type II collagenase (Gibco-BRL) in calcium-free Barth's solution
under vigorous agitations. Stages V-VI oocytes were then defolliculated chemically be-
fore nuclear microinjections of 5-10 ng cDNA coding for each Pgx channel subunit.

Following 2-5 days of incubation at 19 °C in Barth's solution containing 1.8 mM calcium
chloride (CaCly) and 10 pg/ml gentamicin, Pgx currents were recorded in a two-electrode
voltage-clamp configuration using an OC-725B amplifier (Warner Instruments). Sig-
nals were low-pass filtered at 1 kHz, acquired at 500 Hz using a Macintosh Ilci equip-
ped with an A/D card NB-MIO-16XL (National Instruments). Traces were post-filtered
at 100 Hz in Axograph (Axon Instruments). Agonists, antagonists, and co-factors (zinc
chloride, pH 6.5, and pH 8.0) were dissolved in Ringer's solution containing 115 mM
NaCl, 2.5 mM KCl, 1.8 mM CaCl; in 10 mM HEPES (pH 7.4) at room temperature, and
applied on oocytes at a constant flow rate of 12 ml/min.

Statistical Analysis

All comparisons involving two variances were performed with Fisher's F values (varian-

ce homogeneity requirements) and with Student's £ tests for two unpaired groups. Two-
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tailed statistical thresholds, for both Fisher's F and Student's ¢ critical values, were set

at p < 0.05.
RESULTS
Functional Impact of P2Xg Subunit Expression on ATP-Induced Currents |

In response to 100 uM ATP, Xenopus oocytes microinjected with a mix of P2X, and
P2Xg ¢cDNAs (molar ratio of 1:1) gave rise to currents with kinetic profiles similar to
those observed with oocytes expressing P2X, alone (Fig. 4.1-A). P2Xg by itself appeared
to be silent in Xenopus oocytes sihoe no current was detected during ATP applications
(Fig. 4.1-A), in agreement with what has been previously reported (Soto ¢ al., 1996).
Comparison of peak current amplitudes after 3 days of expression revealed however
that currents from cells co-expressing P2Xy + P2Xg subunits were reproducibly and
significantly smaller than currents from cells e#pressing only P2X4 receptors (Fig. 4.1-
A, B) suggesting the possibility that the P2Xg channel subunit can heteropolymerize
with other members of the Pox family. We co-expressed P2Xs together with P2X;
(Valera et al., 1994) or with P2X, (Brake et al., 1994). In response to 100 uM ATP,
there were no differences between peak currents recorded from oocytes co-expressing
P2X; + P2Xg and those expressing P2X; alone (Fig. 4.1-C) after three days of expres-
sion. Similarly, we did not observe any functional impact of P2Xg on the expression of
P2X,, under the same experimental conditions (Fig. 4.1-D), eliminating the possibility of
a general inhibitory effect of P2Xg on protein synthesis or on translocation. Thus these
data indicate either that the subunit-specific interaction between P2X, and P2X; iso-

forms generates an heteromeric P2Xy, ¢ receptor, or that P2Xg subunits exert a specific



MCGILL UNIVERSITY 89

inhibitory function on P2X4 receptor expression. If P2X,.s heteromers are expressed,
smaller peak currents could result from a lower affinity for ATP or a smaller single
conductance in comparison with homomeric P2X4 channels. Alternatively, smaller ATP

responses at day 3 could simply reflect a slower kinetics of receptor expression.

To further characterize a time-dependent effect, we studied the time-course of expres-
sion, daily recording peak currents in response to 100 uM ATP from oocytes expressing
either P2Xy + P2Xg ¢cDNAs or P2X4 cDNA alone. Figure 4.2 demonstrates that ATP re-
ceptors in oocytes co-expressing P2X, + P2X¢ subunits, compared to P2X, alone, needed
a longer time to reach the same levels of ATP-induced currents. However, between day
2 and day 5 after injection, there was a dramatic 7-fold increase in peak current ampli-
tudes in oocytes co-expressing P2X4 + P2Xg subunits. This profile is in striking contrast
with the time-course of P2X, expression which slowly decayed over the same period.

Agonist Sensitivity Profile of P2X 4, ¢ Heteromeric Receptors

No significant difference was detected between the EC5q values derived from ATP dose-
response profiles of P2X4,5(6.3 + 0.9 uM) channel phenotype vs. homomeric P2X, (4.2 +
1.1 pM) receptors (Fig. 4.3-A) expressed in oocytes. However, the partial agonist
2MeSATP had ECs values of 7.67 + 1.01 uM and 26 + 1.8 uM for P2X4.s and P2X,
receptors, respectively, a statistically significant difference (Fig. 4.3-B). Even more
striking, in response to 100 uM afmATP on day 3 after injection, oocytes expressing
P2X 4.6 heteromeric channels gave rise to peak current amplitudes of 0.7 + 0.13 yA
compared to 0.12 + 0.02 yA only from oocytes expressing P2X4 homomeric receptors, in

marked contrast with the situation observed in response to ATP (compare Fig. 4.4-A
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with Fig. 4.1-B). The afmATP ECsg values were found to be 12 + 2 uM for P2X4,3 and
55 + 2 uM for P2X4 channel phenotypes (Fig. 4.4-B). Therefore, apmATP shows more
potency and has a higher affinity on P2X4,s receptors than on P2X, receptors. These
different sensitivities to 2MeSATP and afpmATP constitute more experimental evi-

dence for a functional association between P2X, and P2X; subunits co-expressed in Xe-
nopus oocytes.

Sensitivity of P2X4, ¢ Receptors to Suramin, PPADS and RB-2

It is widely recognized that neither P2X, nor P2Xg homomeric receptors are completely
blocked by suramin or PPADS up to 100 uM without pre-incubation (Buell et al., 1996).
In response to 100 uM ATP + 10 uM suramin co-applications without pre-incubation,
oocytes expressing P2X,.s gave rise to residual currents of 61 + 3% (Fig. 4.5) of the
response to 100 uM ATP (100%). Under the same experimental conditions, ococytes
expressing P2X, receptors alone were almost unaffected (93 + 3%, Fig. 4.5).

We have also found that 10 uM PPADS co-applied with 100 uM ATP gave rise to peak
current amplitudes of 83 + 7% and 103 + 6% for P2X 4, and P2X, receptor phenotypes,
respectively (Fig. 4.5-B), but we did not find any significant difference between this 17%
inhibition on P2X 4, and no effect on P2X;. We have also investigated the effects of RB-
2 by co-applying 10 uM of the antagonist with 100 uM ATP: oocytes expressing P2X ¢
receptor phenotypes were characterized by residual peak currents of 60 + 9% compared
to potentiated peak currents of 123 + 18% from oocytes expressing P2X4 receptors
alone (Fig. 4.5). In other words, 10 uM RB-2 blocked P2X4,¢ heteromeric channels by

up to 40% but increased P2X, response by more than 20%. A potentiating effect of RB-
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2 on P2X4; homomeric receptors has been reported in oocytes, albeit to a smaller extent
(Bo et al., 1995).

Sensitivity of P2X 4, ¢ Receptors to Co-Agonists Zinc Ions and Protons

We have reported previously that 10 uM extracellular zinc ions co-applied with 10 uM
ATP potentiated P2X, peak currents by almost two-fold (Séguéla ef al., 1996). In addi-
tion, it has also been shown that the sénsitivity to ATP of homomeric P2X, channels is
modulated by external pH: pH < 7 inhibits ATP responses while pH > 8 has no signifi-
cant effects (Stoop et al., 1997). Therefore, we checked if these co-agonists applied with
ATP could discriminate between P2X4,¢ and P2X, receptor phenotypes. In response to
10 pM zinc ions + 10 uM ATP co-applications, there were no significant differences
between potentiating factors of 1.8 + 0.19 and 1.8 + 0.21 for P2X4,¢ heteromeric
channels and P2X, homomeric receptors, respectively (Fig. 4.6-A). There was also no
significant difference between these two receptor phenotypes with respect to ATP (20
uM) applied at pH 6.5. In both cases, residual peak current amplitudes were 46 + 4% of
control values measured at pH 7.4 (Fig. 4.6-B). When 20 uM ATP was applied at pH
8.0, it elicited peak currents of 121 + 4% and 106 + 4% for P2X4,¢ heteromers and P2X,
homomers, respectively (Fig. 4.6-C). Thus, contrary to afmATP, 2MeSATP and to
antagonists suramin and RB-2, co-factors zinc and protons did not dlscnmmate be-

tween P2X 4,6 and P2X4 receptorson a pharmacological basis.
Subunit-Specific Association of P2X4 with P2Xs Subunits

Before testing their biochemical interactions, the expression of Flag-tagged P2X;, P2Xy,
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and P2X; subunit proteins in transiently transfected HEK-293A cells was confirmed by
immunoblots of total membrane proteins (Fig. 4.7-A, lanes 1-6). Homogenates from
HEK-293A cells transiently co-transfected with cDNA templates encoding P2X4-(His)g
and either P2X;-Flag, P2X -Flag, or P2Xs-Flag constructs were analysed for co-
purifications. Following solid-phase binding of P2X4-(His)s proteins on poly-His-binding
resin, we detected the co-precipitation of P2X,-Flag subunits, confirming that P2X,
subunits interacted between themselves to generate a homomultimeric complex
(positive controls, in Fig. 4.7-B, lane 1). Co-expression of P2X4-(His)g with P2Xs-Flag
subunits gave a positive band corresponding to the expected size of P2Xg (51 kDa, Fig.
4.7-B, lane 3), demonstrating directly for the first time that P2X4 and P2Xg subunits do
physically interact in a multimeric complex. Co-expression of P2X -(His)s with P2X,-
Flag subunits did not give any signal when probed with anti-Flag M2 antibodies after
purification, confirming that P2X, and P2X; subunits do not heteropolymerize (Fig. 4.7-
B, lane 5). All control co-expressions including P2X4-WT (lacking the poly-His motif) co-
transfected with Flag-tagged P2X,, P2Xg or P2X; subunits were negative after purifica-
tion on poly-His-binding resin (Fig. 4.7-B, lanes 2, 4, and 6). |

DISCUSSION

Functional Identification of P2X4, ¢ Heteromeric Receptors

In the present study, we first observed an apparent inhibition of P2Xg subunits on ATP-
induced currents in oocytes expressing P2X, subunits (Fig. 4.1-B). However, neither

ATP-induced currents mediated by P2X; subunits (Fig. 4.1-C) nor currents mediated by
P2X, subunits (Fig. 4.1-D) were affected, strongly suggesting that P2X,; and P2Xg iso-
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forms associate together, in a subunit-specific fashion, into a novel heteromeric Pox
channel. Functional P2X4,¢ protein assembly and/or plasma membrane channel targe-
ting appeared to be on a different time scale compared to P2X, receptors. Indeed, in
response to 100 uM ATP, P2X,,s heteromultimers gave rise to increasing peak currents
even after five days of expression, while P2X4 homopolymers yielded decreasing peak
current amplitudes under identical conditions (Fig. 4.2). We did not find any difference
between the ECsy of ATP for both homomeric and heteromeric receptor isoforms (Fig.
4.4-A), so we concluded that the apparent inhibitory effect of P2Xg on P2Xy recorded
three days after injection was mainly due to a slower expression of P2Xy,¢ receptors on
the cell surface, assuming similar channel conductance. These findings constituted our
first set of experimental evidence demonstrating an heteropolymerization between
P2X, and P2X; subunits. It has been previously noticed that P2Xg subunits/channels
express poorly in HEK-293A cells (Collo et al., 1996), and are silent to ATP in the Xeno-
pus oocyte expression system (Soto et al., 1996), as observed here. However, maximal
ATP-induced peak currents were significantly larger at day 5 in the case of P2Xys
channels than in the case of P2Xy alone (Fig. 4.2). This situation is reminiscent of
epithelial sodium-selective channels, belonging to another family of two-transmem-
brane-domain cation channels, whereby a fully functional channel requires the hetero-
polymerization of @ subunits with g and y subunits, both inactive when expressed alone

(Canessa et al., 1994).
Unique Pharmacological Profiles of P2X4,s Heteromeric Receptors

We made the assumption that the association between P2X, and P2Xg subunits should
be reflected in some unique aspects of the pharmacological profile of the resulting hete-
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romeric receptor. Although P2X, seemed the dominant subunit for the sensitivity to
ATP in the heteromers, we observed a statistical difference between ECsq values of
2MeSATP for P2X4,s heteromeric channels and P2X4 receptors (Fig. 4.4-B). Further-
more, in response to 100 uM ofmATP applications, oocytes co-expressing P2X,; and
P2X¢ subunits gave rise to larger maximal peak currents than oocytes expressing P2X,
isoforms alone (Fig. 4.3-A), despite slower kinetics of expression. Indeed, we measured a
lower ECgj of apmATP for P2X4,¢ than for P2X channel species (Fig. 4.3-B). There-
fore, in addition to opposite protein expression profiles between P2X,,¢ and P2X, chan-
nels, these observations strongly indicate that P2X4 and P2Xg subunits generate a
novel receptor phenotype characterized by an unique agonist profile, namely increased
2MeSATP and afmATP sensitivity. Moreover, these data provide for the first time

experimental evidence for moderately-desensitizing apmATP-activated ionotropic

responses.

Further, we probed the sensitivity of P2X4,s heteromers to P2 antagonists suramin,
PPADS, and RB-2 co-applied with ATP. We found that suramin significantly blocked
P2X 4,6 activity without inhibiting significantly P2X4 homomeric receptors (Fig. 4.5-A):
10 yM suramin co-applied with 100 uM ATP decreased P2X,4.¢ heteromeric receptor
peak current amplitudes by up to 40% compared to 7% for P2X4 homomeric channels.
PPADS inhibited weakly P2X,4,c while it had no measurable effects upon oocytes ex-
pressing P2X, subunits alone (Fig. 4.5-B). Low concentrations of RB-2 provided the
most dramatic differential effect by inhibiting P2X4.¢ heteromers while potentiating
P2X4 channel activity. Suramin and RB-2 would thus be useful pharmacological tools

to investigate the expression of native P2Xy,¢ heteromers in afmATP-sensitive neuro-

nal preparations.
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Biochemical Evidence of P2X 4, ¢ Heteropolymers

We demonstrated direct interactions between the two predominant brain P2X, and
P2X¢ isoforms through the use of an established co-purification assay (Tinker et al.,
1996). Based upon our co-precipitation results with epitope-tagged subunits in non-
denaturing conditions, P2X4 associate with P2Xg subunits (Fig. 4.6-B). In Xenopus oocy-
tes, this heteropolymerization underlies the specific pharmacological and electrophysio-
logical phenotype of a novel heteromeric channel distinct from either P2Xy or P2Xg ho-
momeric receptors. On the other hand, P2X4 and P2X; subunits did not seem to
interact significantly with each other (Fig. 4.6-B). Furthermore, the absence of obvious
phenotypical differences between oocytes co-expressing P2Xg + P2X; and P2X; subunits
alone (Fig. 4.1-C), or between P2X; + P2X; and P2X5 homomers (Fig. 4.1-D), indicate
that structural determinants of association between P2X4 and P2Xg isoforms are sub-
unit-dependent. A similar biochemical approach using co-purification of P2X, with chi-
meric subunits based on P2Xg and P2X; structures could lead to the identification of the

domain(s) involved in this specific heteropolymerization.
Functional Correlates of Native P2X 4, ¢ Heteromers

Purinergic responses from CA3 neurons in rat hippocampal slices have been recently
shown to be activated by apmATP and inhibited by suramin but not by PPADS (Ross
et al., 1998). Based upon in situ hybridization results (Collo ef al., 1996), P2X4 and P2Xg
are the only Py subunits expressed at significant levels in adult rat hippocampus,
namely in CA1-CA4 hippocampal subfields and in the dentate gyrus. Thus, our func-

tional data obtained from recombinant receptors are in close agreement with this
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native phenotype and suggest that the sensitivities to apmATP and to suramin of rat
CAS3 neurons might be mediated through native P2X,,¢ heteromeric channels.

Neonatal rat cerebellar Purkinje cells have been characterized as having purinergic
receptors with P2Xg-like pharmacological profile in eliciting extracellular calcium
influxes (Mateo ef al., 1998). This conclusion rested upon afmATP insensitivity, poten-
cy ratio ATP/2MeSATP, as well as suramin and PPADS blockade after pre-incubation.
However, on recombinant P2X,.s receptors, the concentration of afmATP used in
Mateo et al. (50 uM; 1998) was roughly 10% as efficacious as 50 uM ATP in eliciting
ionotropic responses so afmATP-mediated intracellular calcium increases could have
remained undetected, and consequently interpretated as afpmATP unresponsiveness.
The developmental regulation of expression levels of neuronal Pgx genes in cerebellum is
not established so far. Adult rat Purkinje neurons are known to transcribe P2X, and
P2Xs mRNA (Collo et al., 1996) and have been shown to translate high levels of P2X,
subunits (Lé ef al., 1998), whereby P2Xs mRNAs (Collo ef al., 1996) or subunits (Vul-
chanova e al., 1996) were previously reported to be absent (but see Kanijhan et al.,
1996). It is also possible that native Pgx receptors in neonatal Purkinje cells are com-
posed of three subunits, namely P2X,, P2X, and P2X;, assembled in a heteromeric

complex where P2X is pharmacologically dominant.

We have recorded in oocytes purinergic currents mediated by P2X,,s heteromeric chan-
nels that were significantly more sensitive to the agonists apmATP and 2MeSATP, as

well as to the antagonist suramin compared to P2X, homomeric receptors. So, it is

likely that the moderately desensitizing afpmATP-activated and suramin-sensitive

postsynaptic purinergic responses recorded from medial habenula (Edwards et al.,
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1992) could be accounted for by the expression of postsynaptic P2X,,¢ receptors, as in
situ hybridization results demonstrate the exclusive presence of P2X; and P2Xg

transcripts in this region (Collo ef al., 1996).

The widespread distribution of high affinity [3H]-apmATP binding sites within the rat
CNS (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar ¢ al., 1995),
appears to correlate with in situ hybridization data on P2X, and P2Xg mRNA distribu-
tions (Séguéla et al., 1996; Collo ef al., 1996) as well as with the immunocytochemical
localization of P2X4 protein (Lé ef al., 1998). These neuroanatomical evidence strongly
suggest that the P2X,.s channel phenotype might be present in most rat brain and
spinal cord regions. Moreover, we have shown that P2X,4 subunit is a major presynaptic
purinoceptor component in laminae I-II of spinal cord and in olfactory glomeruli (L& et
al., 1998), two regions where P2Xg is also expressed (Collo e al., 1996), therefore the
heteromeric P2X, s ATP-gated cation channels could play a significant role in the regu-

lation of excitatory transmitter releases in central sensory synapses.



FIGURE 4.1 Representative heteromultimeric P2X4,¢ channel current phenotype. (A)
ATP-induced currents following heterologous expression of P2X,, P2Xg, and P2X, + P2Xg
(1:1 molar ratio) subunits recorded 3 days after corresponding cDNA nuclear micro-
injections in Xenopus oocytes. (B) P2X,-dependent functional impact of P2Xg on ATP-
induced response (P2X4 expressed alone 1x: 5 ng of cDNA, 2x: 10 ng) . (C) P2X] receptor
(P2X; 1x: 5 ng, 2x: 10 ng) functional expression is unaffected by co-expressed P2Xg
subunits. (D) P2Xsmediated (P2X; 1x: 5 ng, 2x: 10 ng) ATP-induced peak current am-
plitudes are unchanged in the presence of P2Xg subunits (average + SEM values from
3-15 oocytes in 2-4 independant experiments, double asterisks denote significant diffe-

rence with p <0.01).
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FIGURE 4.2 Time-course of heteromultimeric P2X4,¢ expression. Kinetics of appea-
rance of functional ATP receptors on plasma membranes is strikingly different in oocy-
tes co-injected with P2X, + P2Xg subunits compared to those injected with P2X, sub-

units (average + SEM values from 3-15 oocytes in 2-8 independent experiments).
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FIGURE 4.3 Sensitivity of P2X,,¢ receptors to ATP and 2MeSATP agonists. (A)
Similar ATP dose-response profile between heteromeric P2X,,s channels and homome-
ric P2X4 receptors in Xenopus oocytes. (B) Heteromultimeric P2X ¢ receptors showed
increased sensitivity to 2MeSATP compared to P2X, receptors. Values are normalized
to the response to 300 uM ATP (averages + SEM from 3-7 oocytes/point in two indepen-

dent experiments).
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FIGURE 4.4 Sensitivity of P2X, ¢ receptors to the agonist apmATP_ (A) Differential
apfmATP responsiveness measured in peak current amplitudes between Xenopus oocy-
tes expressing either P2X 4,6 channels or P2X, at day 3 after injection, see Fig. 4.1-B for
comparison of ATP-induced peak currents. (B) Normalized dose-response curves of

P2X 4,6 and P2X, receptor species for afmATP. Values are normalized to the response
to 100 uM ATP, double asterisks denote significant difference with p < 0.01 (averages +

SEM from 5-8 cocytes/point in two independent experiments).
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FIGURE 4.5 Sensitivity of P2Xy,¢ to Pox antagonists. Suramin, PPADS, and RB-2
were tested for their blocking properties on heteromeric P2X4,5 channels and on homo-
meric P2X, receptors. Note that P2Xy,¢ receptors are inhibited while P2X4 receptors
are potentiated by 10 uM RB-2. Values are normalized to the response to ATP only
(averages + SEM from 5 oocytes/experiment, one and two asterisks denote significant

difference with p < 0.05 and 0.01, respectively).
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FIGURE 4.6 Sensitivity of P2X, ¢ to the extracellular co-factors zinc ions and pH. Ex-
tracellular Zn+, pH 6.5 and pH 8.0, co-applied with ATP, did not allow to differentiate
between P2X,,¢ or P2X receptors. Values are normalized to the response to ATP only

(averages + SEM from 4 oocytes/experiment).
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FIGURE 4.7 Subunit-specificity of P2X, + P2Xg heteropolymerization. (A) Immuno-
blot of Flag-tagged P2X;, P2X,4 and P2Xg subunits probed with anti-Flag M2 monoclonal
antibodies in total membrane proteins from transiently transfected HEK-293A cells.
(B) From the same samples, immunoblot of Flag-tagged P2X;, P2X4 and P2Xg subunits
probed with M2 antibodies after co-purification through P2X,-(His)¢ subunits. Co-
transfections in lane 1: P2X4-(His)g + P2X4-Flag; lane 2: P2X,-WT + P2Xy-Flag; lane 3:
P2X4-(His)g + P2Xe-Flag; lane 4: P2X-WT + P2Xs-Flag; lane 5: P2X-(His)g + P2X;-Flag;
lane 6: P2X-WT + P2X;-Flag.
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apmATP autoradiography binding sites have been reported for various spinal cord
laminae (Michel and Humphrey, 1993; Bo and Burnstock, 1994; Balcar et al., 1995).
Moreover, P2X; and P2Xg (Collo ef al., 1996; Garcia-Guzman ef al., 1996) mRNAs have
been shown to be predominantly transcribed in an overlapping fashion within the
ventral horn of the spinal cord (Collo et al., 1996). Further, both P2X; and P2X;5 have
also been reported to be present within sensory neurons (Collo et al., 1996). Moreover,
heteropolymeric P2X5,3 receptor phenotype composed of co-assembled P2X, (Brake et
al., 1994) and P2X3 subunits seemed to account for native Pox responses recorded from

various sensory ganglia (Lewis et al., 1995).

However, it has recently been shown using immunocytochemistry that P2Xs and P2X;
subunits did not co-localize extensively in sensory neurons (Vulchanova et al., 1997). At
this point, it was known that hetero-multimeric P2X5,3 (Lewis et al., 1995; Radford et
al., 1997) and P2X 4, (Lé e al., 1998b) receptor phenotypes were present in the peri-
pheral nervous system and brain, respectively. Similarly, heteropolymeric P2Xj,5
channels might be expressed by motoneurons within the ventral horn of the spinal cord

as well as primary sensory neurons.

Therefore, looking for channels generated from the assembly of Pgx subunits from two
distinct functional groups, this study was undertaken based upon similar methodology
as the P2X,,¢ heteromultimerization project (L& ef al., 1998b). The existence of P2X}.5
receptors, co-assembled from P2X; and P2Xy subunits, was assayed functionally and
biochemically, demonstrating that this hybrid complex is similar to P2Xjy,3 receptors in
terms of pharmacology as well as channel kinetics, likely accounting for native respon-
ses recorded from sensory neurons lacking co-localized P2X, and P2Xj3 proteins.
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ABSTRACT

The mammalian Pox receptor gene family encodes two-transmembrane domain non-
| selective cation channels gated by extracellular ATP. Anatomical localization data ob-
tained by in situ hybridization and immunocytochemistry have shown that neuronal
Px subunits are expressed in specific but overlapping distribution patterns. Therefore,
the native ionotropic ATP receptor diversity most likely arises from interactions be-
tween different Poy subunits that generate heteromultimers phenotypically distinct
from homomeric channels. Rat P2X; and P2Xs mRNAs are localized within common
subsets of peripheral and central sensory neurons as well as spinal motoneurons. The
present study demonstrates a functional association between P2X; and P2X5 subunits
giving rise to hybrid ATP-gated channels endowed with the pharmacology of P2X; and
the kinetics of P2X5. When expressed in Xenopus oocytes, hetero-oligomeric P2X;,5 re-
ceptors were characterized by slowly desensitizing currents highly sensitive to the ago-
nist a,8-methylene ATP (ECsp = 1.1 uM) and to the antagonist trinitrophenyl-ATP
(ICsq = 64 nM), observed with neither P2X; nor P2X; alone. Direct physical evidence for
P2X,,5 co-assembly was provided by reciprocal subunit-specific co-purifications be-
tween epitope-tagged P2X; and P2X; subunits transfected in HEK-293A celis.

INTRODUCTION

Ionotropic ATP receptors constitute a unique class of neurotransmitter-gated ion chan-
nels generated from the assembly of Py subunits having two transmembrane-span-
ning domains and a protein architecture similar to amiloride-sensitive sodium channels
(Buell et al., 1996; North and Barnard, 1997). Functional characterization studies of
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the seven cloned Pgx subunits heterologously expressed as homomeric channels al-
lowed to classify them in three groups according to their properties of desensitization
and to their sensitivity to the agonist a,f-methylene ATP (afmATP), namely, rapidly
desensitizing and amATP-sensitive receptors including P2X; and P2X3 (Valera et al.,
1994; Chen et al., 1995; Lewis et al., 1995); moderately desensitizing and afmATP-in-
sensitive receptors including P2X, and P2Xg (Bo et al., 1995; Buell ef al., 1996; Collo et
al., 1996; Garcia-Guzman et al., 1996; Séguéla et al., 1996; Soto et al., 1996; Wang et
al., 1996); and non-desensitizing as well as afmATP-insensitive receptors including
P2X,, P2X5, and P2X; (Brake ef al., 1994; Collo et al., 1996; Garcia-Guzman ef al., 1996;
Surprenant ef al., 1996). Results from Northern blots and in situ hybridization data
(Collo et al., 1996) have indicated that the six neuronal Pgx subunit-encoding genes are
transcribed in specific but overlapping populations in both central and peripheral ner-
vous systems (Buell et al., 1996; Collo et al., 1996). This strongly suggests that neuro-
nal Pgx subunits belonging to different functional groups might co-assemble into hetero-

multimeric channels.

All Pox subunits have been detected in peripheral sensory ganglia, reinforcing the view
that synaptically or lytically released ATP could play an important signaling role in sen-
sory pathways (Buell et al., 1996; Collo et al., 1996; Cook et al., 1997). Rat P2Xj3 sub-
units have been reported to be exclusively expressed in small to medium-sized isolectin
B4-positive nociceptive neurons in nodose, trigeminal, and dorsal root ganglia (Chen et
al., 1995; Lewis et al., 1995; Cook et al., 1997). A significant proportion of sensory neu-
rons are thought to express hetero-oligomeric P2X5,3 receptors based on their sustai-
ned response to afmATP applications (Lewis et al., 1995). However, recent immunocy-

tochemistry results have demonstrated that P2Xs and P2X3 subunits in rat dorsal root
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ganglia are rarely co-localized at the level of central primary afferents in the dorsal horn
of the spinal cord, despite their high degree of co-localization in somata, indicating diffe-
rent subunit-specific subcellular targetings (Vulchanova ef al., 1997). Altogether, these
data suggest that physiologically-relevant associations of neuronal Pgy subunits, giving
rise to phenotypes that are not mediated by the previously described P2Xs,3 (Lewis et
al., 1995; Radford ef al., 1997) or P2X 4,6 (L& ef al., 1998) receptors, remain to be disco-
vered.

Rat P2X5 subunit-encoding mRNAs have the most restricted distribution in the Py fa-
mily, yet, in situ hybridization studies have indicated that P2X; and P2X5 mRNAs are
co-localized in primary sensory neurons as well as within subsets of large motoneurons
in the ventral horn of the spinal cord (Buell et al., 1996; Collo ef al., 1996). We report
here the characterization of a novel heteromeric Pgx receptor with hybrid properties
generated by co-expression and co-assembly of P2X; with P2Xg5 subunits in Xenopus
laevis oocytes and transfected HEK-293A cells, further strengthening arguments for a
diversity of native ATP-gated channels and purinergic phenotypes in mammalian neu-

rons.
MATERIALS AND METHODS

Molecular Biology

Full-length wild-type rat P2X; and P2X5 cDNAs were obtained through PCR amplifica-

tions using A10 smooth muscle cells (ATCC #*CRL-1476) and adult rat spinal cord RT-

cDNA templates, respectively. Reactions were performed with exact-match oligonu-



cleotide primers based upon published primary sequences (Valera ef al., 1994; Collo ef
al., 1996; Garcia-Guzman et al., 1996) using Pfu DNA polymerase (Stratagene) to mini-
mize artifactual mutations. Epitope-tagged Pgx subunits with C-terminal hexahisti-
dine motif (His)s or Flag peptide were constructed as reported previously (Lé et al.,
1998). Briefly, an XkolI-Xbal stuffer cassette containing in-frame Flag or Hisg epitopes
followed by an artificial stop codon was ligated to P2X; and P2X5 ¢cDNAs previously
mutated in order to replace their natural stop codon with an X#ol restriction site. P2X;-
Flag, P2X;-Hisg, P2X5-Flag, and P2X;-Hisg were then subcloned directionally into
HindIII-Xbal sites of pcDNAI vector (Invitrogen, San Diego, CA) compatible with
CMV-driven heterologous expression in HEK-293A cells and Xenopus laevis oocytes.
RT-PCR products as well as mutant epitope-tagged subunits were subjected to auto-

matic dideoxy sequencing (Sheldon Biotechnology Center, Montreal, QC).

Cell Culture and Protein Chemistry

cDNA transfections of epitope-tagged Pox subunits were performed in mammalian cells.
HEK-293A cells (ATCC #CRL-1573) were cultured in Dulbecco's modified Eagle me-
dium and 10% heat-inactivated fetal bovine serum (Wisent, St. Bruno, QC) containing
penicillin and streptomycin. Cells reaching 30-50% confluency were used for transient
cDNA transfections with the calcium phosphate method with 10 ug of supercoiled plas-
mid cDNA per 106 cells. Transfected HEK-293A cells used for Western blots were then
lifted in Hank's modified calcium-free medium with 20 mM EDTA, pelleted at low centri-
fugation, and homogenized in 10 volumes of 10 mM HEPES buffered at pH 7.4 with 0.3
M sucrose including protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM) and
benzamidine (1 mM). Membranes from cell lysates were solubilized with 1% Triton X-
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100 (Sigma) for 2 h at 4 °C, pelleted at 14 000 x g for 5 min, and remaining membrane
proteins within supernatants were used for Western blots. Solubilized proteins were in-
cubated with 25 ul of equilibrated Ni-NTA resin (Qiagen, Hilden, Germany) for 2 h at 4
°C under agitation. Then Ni-NTA beads were washed six times in Tris-buffered saline
containing 25 mM imidazole and 1% Triton X-100. Bound proteins were eluted from
Hisg-binding resin with 500 mM imidazole, diluted 1:1 (v/v) with SDS-containing loading
buffer. Samples were then loaded onto 10-12% SDS-PAGE and transferred to nitrocel-
lulose. Immunostainings were performed with M2 murine monoclonal antibodies (10
ug/ml) (Sigma) or chicken anti-Flag polyclonal antibodies (1:200) (Aves) followed by
incubations with corresponding species-specific peroxidase-labeled secondary antibodies
(1:5 000-1:20 000) for visualization by ECL (Amersham).

Electrophystology

Electrophysiological recordings were performed in Xenopus oocytes. Ovary lobes were
surgically retrieved from Xenopus laevis frogs under deep tricaine (Sigma) anesthesia.
Oocyte-containing lobes were then treated for 3 h at room temperature with type IL
collagenase (Life Technologies, Gaithersburg, MD) in calcium-free Barth's solution un-
der vigorous agitations. Stages V-VI oocytes were then chemically defolliculated before
nuclear micro-injections of 5-10 ng of cDNA coding for each Pgx channel subunits. Fol-
lowing 2-5 days of incubation at 19 °C in Barth's solution containing 1.8 mM calcium
chloride and 10 ug/ml gentamicin (Sigma), elicited Pox currents were recorded in a two-
electrode voltage-clamp configuration using an OC-725B amplifier (Warner Instru-
ments). Responsive signals were low-pass filtered at 1 kHz, acquired at 500 Hz usmg a
Macintosh Ilci computer equipped with a NB-MIO-16XL analog-to-digital card (Natio-
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nal Instruments). Recorded traces were post-filtered at 100 Hz in Axograph (Axon
Instruments). Agonists, antagonists, and Pg co-factors (10 uM zinc chloride, pH 6.4,
and pH 8.4) were prepared at room temperature in Ringer's perfusion solution contai-
ning 115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl,, and 10 mM HEPES buffered at pH
7.4. Solutions were perfused onto oocytes at a constant flow rate of 10-12 ml/min.
Dose-response curves were fitted to the Hill sigmoidal equation, and ECsg as well as
IC5p values were determined using the software Prism 2.0 (Graphpad, San Diego, CA).

RESULTS AND DISCUSSION

To assess the presence of P2X, s heteromers in Xenopus oocytes co-injected with both
subunits, we tested the expression of inward currents during prolonged applications (5-
10 s) of 50 uM aBmATP, exploiting the fact that homomeric P2X5 channels are almost
insensitive to this agonist when applied at concentrations below 100 yM (Fig. 5.1) (Col-
lo et al., 1996; Garcia-Guzman e al., 1996); homomeric P2X; receptors desensitize
strongly in the first seconds of agonist applications; whereas a slowly-desensitizing res-
ponse induced by 50 UM «fmATP was observed in oocytes co-injected with P2X; and
P2X5 subunitsin a 1:1 cDNA molar ratio (Fig. 5.1). This hybrid phenotype was the un-
ambigous trademark of the expression of heteromeric P2X;,s receptors. Oocytes ex-
pressing P2X;,5 receptors showed robust 50 uM afmATP-induced whole-cell currents
with amplitudes in the range of 3-15 pA at Vy, = -50 mV after 2-5 days of post-injection

time, similar to currents recorded from oocytes expressing P2X; alone (Fig. 5.1).

P2X s receptors slowly desensitized during agonist applications but showed complete

recovery within 2 min (Fig. 5.2), a noticeable difference with homomeric P2X5 receptors
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that do not desensitize in heterologous systems (Fig. 5.1) (Collo ef al., 1996; Garcia-
Guzman ef al., 1996). However, P2X;,5 receptors (Fig. 5.2-B, D) recovered significantly
faster than P2X; receptors, the latter recovering less than 50% of their initial response
after 5 min of washout (Fig. 5.2-A, C). We noticed slight differences in the rate of desen-
sitization of P2X;,5 receptors between oocytes (Fig. 5.2). These phenotypic variations
could be due to the expression of populations of heteromeric channels with different sub-
unit stoichiometries, a cell-dependent variable that is not controlled in these experi-
ments of co-injections. The kinetic properties of P2X, receptors have been shown to be
modulated by protein kinase A activity (Chow et al., 1998). Thus, it is possible that in-
ter-individual differences in the levels of endogenous kinase activity present in oocytes
could have some impact on the properties of desensitization of P2X,,5 receptors. Fur-
thermore, the correlation between the number of P2X5 subunits and the kinetic proper-
ties of the oligomeric complex, that has been reported to be a trimer for homomeric
P2X; channels (Nicke ef al., 1998), is not yet known.

P2X,,5 receptors were challenged with ATP, apmATP, and ADP at various concentra-
tions for comparision with the pharmacology of homomeric P2X; and P2X5 receptors.
We measured ECs values for P2X; .5 heteromers of 0.4 =+ 0.2 uM for ATP, 1.1 + 0.6 uM
for apmATP, and 13 + 4 uM for ADP (Fig. 5.3). These EC5y values were not signi-
ficantly different from those obtained with homomeric P2X; receptors in the same ex-
perimental conditions, namely, 0.7 + 0.1 pM for ATP, 2.4 = 1 yM for afmATP, and 47 =
9 uM for ADP (Fig. 5.3), in good agreement with previously published data (Valera et al.,
1994). Differences in the apparent Hill coefficient ng (cooperativity index) of ADP
activation between P2X; (ng = 4.9 = 2.3) and P2X,,5 (ng = 1.6 + 0.8) (Fig. 5.3-C) could

be due to the fact that we record from a heterogeneous population of P2X;-containing
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receptors with varying stoichiometries. Amplitudes of peak currents from P2Xs-expres-
sing oocytes were too small to carry out complete dose-response curve experiments
with these agonists (Fig. 5.1). No significant differences were observed between P2X,.,5
and P2X; receptors during co-applications of extracellular zinc ions (10 uM), protons
(pH 6.4), or alkaline solutions (pH 8.4) with sub-saturating ATP concentrations (0.1
uM; data not shown).

Our results suggest that P2X; subunits confer their high afmATP sensitivity to the
P2X,,5 heteromers. Another specific pharmacological property of P2X; subunits, po-
tent inhibitory effects of trinitrophenyl-ATP (TNP-ATP) (Thomas et al., 1998; Virginio
et al., 1998), is observed in the heteromeric receptors (Fig. 5.4-A). In conditions of co-
applications of TNP-ATP and ofmATP without pre-incubations, we measured ICso
values of 64 + 14 nM on P2X;,5 and 200 = 120 nM on P2X; receptors (Fig. 5.4-B). This
subunit association is therefore reminiscent of the association between P2Xs and P2X3
in which P2X3 is the pharmacologically dominant component both for afmATP sensiti-
vity (Chen et al., 1995; Lewis ef al., 1995) and TNP-ATP block (Thomas et al., 1998;

Virginioet al., 1998).

To demonstrate direct associations between P2X; and P2X5 subunits that underlie their
assembly in hybrid heteromers, we assayed their physical interactions by co-purifying
epitope-tagged subunits in transfected HEK-293A cells. Purifying P2Xs-Hisg on nickel-
binding resin in non-denaturing conditions (see Materials and Methods for details) al-
lowed the detection of co-transfected P2X;-Flag in Western blots (Fig. 5.4, lane C). Reci-
procally, P2X;-Hisg was shown to co-assemble with P2Xs-Flag (Fig. 5.4, lane D). Positi-
ve controls included pseudo-homomeric receptors composed of P2X;-Hisg + P2X;-Flag or
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P2Xs-Hisg + P2X5-Flag (Fig. 5.4, lanes A and B). Technical controls of transfections
with one Pox subunit only or with sham-transfected HEK-293A cells were negative (da-

ta not shown).

Peripheral sensory neurons have been reported to express ATP-gated channels with a
slow rate of desensitization and a high sensitivity to afmATP characterized by ECsq
values in the low micromolar range (Lewis ef al., 1995; and references therein). This
sensory phenotype was thought to be exclusively accounted for by the co-assembly of
P2X5 and P2X3 subunits into heteromeric P2Xs,3 receptors (Lewis et al., 1995; Radford
e al., 1997). Alternatively, we propose from our results that slowly-desensitizing and
apfmATP-elicited responses could be mediated by hybrid P2X;.5 heteromeric receptors
endowed with the pharmacology of P2X; and the kinetics of P2X;5. Our data suggest to
use TNP-ATP as a specific antagonist of P2X,-containing ATP-gated channels. In spi-
nal motoneurons whereby P2X3 is absent, complete blockade of slowly-desensitizing Pax
responses by 1 uM TNP-ATP would indicate the expression of P2X;.5 heteromeric chan-

nels.

Using subunit-specific polyclonal antibodies, Vulchanova e al. (1996) described a
strong P2X; immunoreactivity in laminae I-II of the spinal cord, corresponding to pre-
synaptic labeling of central axon terminals from dorsal root ganglia sensory neurons.
As P2X5 and P2X3 subunits do not appear to co-assemble in heteromeric channels in
these primary afferents (Vulchanova et al., 1997), a presynaptic localization of P2X; .5
receptors would provide sensory axon terminals with high sensitivity to ATP and slowly-
desensitizing voltage-independent calcium entry that could play a modulatory role in the
release of central neurotransmitters such as glutamate and substance P (Gu and Mac-
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Dermott, 1997). Effects of presynaptic P2X;,s receptors on the release of sensory
transmitters can now be experimentally challenged with applications of the blocker
TNP-ATP at low concentrations.

In the central nervous system, an important role for purines in motor systems is dedu-
ced both from the distribution of several Psx subunit-encoding mRNAs within cranial
and spinal motor nuclei (Collo et al., 1996) and from the powerful cellular effects of ex-
tracellular ATP on motor outflow (Funk et al., 1997). More specifically, a subset of large
projection motoneurons in lamina IX of the rat spinal cord has been characterized by
the co-expression of P2X; and P2X5 subunits (Collo et al., 1996). We propose from their
functional properties that highly agonist-sensitive P2X;,5 receptors might provide a
specific excitatory function to the control of motricity, by allowing a sustained entry of
extracellular calcium into motoneurons in responses to minute amounts of released

ATP.
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FIGURE 5.1 Co-expressions of P2X; and P2X5 (P2X;,s5) yielded slowly-desensitizing
currents which were activated by afmATP. Whole-cell currents were recorded from

oocytes after nuclear injections with P2X; ¢cDNA alone, P2X5 cDNA alone, and co-
injected P2X; and P2X5 cDNAs (P2X;,5) on prolonged 50 uM apmATP applications.
Fast desensitizations of apmATP-induced currents occurred from oocytes expressing

P2X; receptors alone but not from those co-expressing P2X; and P2X5 subunits. On the
other hand, P2X;s-expressing oocytes showed weak currents toward 50 UM ATP and no
detectable responses to 50 uM ofmATP applications. Oocytes were voltage-clamped

at Vp=-100 mV. Bars represent durations of agonist applications.
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FIGURE 5.2 Desensitization recovery rate comparisions between homomeric P2X;
and hetero-oligomeric P2X;,5 receptors. (A) and (B) represent superimposed whole-cell
currents recorded from individual oocytes expressing P2X; (A) or P2X,,s channels (B)
during 2 applications of aBmATP separeated by different time intervals as indicated. 5-
second applications of afmATP at 1 uM for P2X1 and 10 uM for P2X; 5 were recorded
at holding potentials of -100 mV. (C) and (D) represent mean peak currents evoked by
repeated applications of apmATP for P2X; (C) and P2X,,5 receptors (D). Currents

were normalized to the first-response value (t = 0) in the same oocyte (n =5).
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FIGURE 5.3 P2X; and P2X,,5 receptor sensitivities to purinergic agonists ATP (A),
afmATP (B), and ADP (C). For each agonist concentration-current relationship, ave-
rage peak currents were normalized to 100 uM ATP responses (average + SEM from 3-

10 oocytes per point). Holding potentials were -50 mV for (A), (B), and -70 mV for (C).
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FIGURE 5.4 Potent blockades of P2X; and P2X,,5 receptor-mediated responses by
the antagonist TNP-ATP. (A) Representative P2X, 5 currents in conditions of inhibi-
tions. (B) Sensitivities of P2X; and P2X,,5 responses to TNP-ATP, co-applied with 1
uM afmATP. Peak currents were normalized to responses elicited by applications of
10 uM oBmATP alone (average + SEM from 5-8 oocytes per point). Membrane poten-

tials were held at -100 mV.
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FIGURE 5.5 Physical interactions between P2X; and P2X5 subunits. Solubilized Psx
proteins from transiently transfected HEK-293A cells were detected on immunoblots
following purifications through Hisg-binding Ni-NTA resins. Flag-tagged Pox subunits
associated with corresponding Hisg-tagged partners were probed with murine M2 (anti-
Flag) monoclonal antibodies. Co-purifications as shown are from P2X;-Hisg + P2X;-
Flag in lane A (positive controls), P2Xs-Hisg + P2X5-Flag in lane B (positive controls),
P2X5-Hisg + P2X;-Flag in lane C, and P2X;-Hiss + P2Xs-Flag in lane D. Indicated

apparent molecular weight markers are in kilodaltons.
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Based upon recent immunocytochemistry reports, ATP-gated Pgx ion channels have
been shown to be widely expressed within most CNS structures on postsynaptic mem-
branes (Lé et al., 1998a). Similarly, these ionotropic receptors have also been demon-
strated to be selectively expressed presynaptically in various central sensory path-
ways, notably within laminae I and II of the dorsal horn of the spinal cord (Lé et al.,

1998a), an anatomical region that processes information from nociceptors.

In agreement with the distribution of ATP-gated channels, it has been recently
suggested that Psx receptors might be involved in nociception processing events
{(Burnstock, 1996), confirmed more directly by the existence of ATP-sensitive pain
sensing neurons (Cook ef al., 1997). Based upon these observations, the therapeutical
value of ATP-gated Py ion channels in pain treatment could be based on future
developments of specific Pgx antagonists having potential analgesic actions (Burnstock,
1996).

However, most ATP-gated ion channel structure-function studies have been based upon
rodent Pox subunits (Buell et al., 1996b). Further, recent human Py cloning studies
have documented significant functional differences between human and rat Pgx
homologs (Barnard et al., 1997). Therefore, with these species-specific differences in
mind, this cloning project was undertaken in an effort to complete the human Pgx gene
inventory as well as to discover revealing species-dependent differences in terms of
mRNA distribution patterns and functional properties. Henceforth, the whole coding
region of rat P2X4 cDNAs, as reported elsewhere by Séguéla ef al. (1996), was used as a
probe to fish out potential human Pgyx genes represented in public Expressed-Sequence
Tags (EST) databases.
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ABSTRACT

A novel member of the ionotropic ATP receptor gene family has been identified in hu-
man brain. This 422 amino acid-long Pox receptor subunit has 62% sequence identity
with rat P2Xs. Several characteristic motifs of ATP-gated channels are present in its
primary structure, but this P2Xs-related subunit displays a single transmembrane do-
main. Heterologous expression of chimeric subunits containing the C-terminal domain
of rat P2X; leads to the formation of desensitizing functional ATP-gated channels in Xe-
nopus oocytes. The developmentally regulated mRNA, found in two splicing variant

forms, is expressed at high levels in brain and immune system.
INTRODUCTION

Mammalian Pgx receptors belong to a multigene family of non-selective cation channeis
activated by extracellular ATP. The seven known members of the rat Pgx family can
be grouped into three functional categories according to their pharmacological profiles
and to their properties of desensitization. P2X; (Valera ef al., 1994) and P2X3 (Chen et
al., 1995; Lewis et al., 1995) are highly sensitive to a,8-methylene ATP (afmATP) and
desensitize rapidly; P2X, (Brake ef al., 1994), P2X5 (Collo e al., 1996; Garcia-Guzman et
al., 1996), and P2X, (Surprenant et al., 1996) do not respond to afmATP below 100 uM
and do not desensitize; whereas P2X4 (Buell ef al., 1996; Séguéla et al., 1996; Soto et al.,
1996) aﬁd P2Xg (Collo et al., 1996) do not respond to afmATP, are almost insensitive to
co-applied non-competitive antagonists suramin and PPADS, and show moderate de-
sensitization. Despite the fact that high levels of expression of Pgx receptors are obser-
ved in many central and peripheral tissues, reinforcing the concept of an important role
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for ATP in intercellular communication (Buell et al., 1996), much less is known about
their human counterparts. Excitatory ATP-gated channels play a specific role in senso-
ry systems (Li and Perl, 1995; Bardoni et al., 1997; Lé et al., 1998), therefore the deve-
lopment of subtype-specific Pox antagonists with analgesic properties should take into
account functional differences between mammalian species. The reports on the expres-
sion of cloned human Pgx orthologs of P2X; (V: alera et al., 1995), P2X3 (Garcia-Guzman
et al., 1997), P2X, (Garcia-Guzman et al., 1997), and P2X; (Rassendren et al., 1997)
emphasized both pharmacological and anatomical specificities that seriously under-
mine the relevance of our knowledge based on rodent systems for extrapolation to hu-
man fast purinergic transmission. In an effort to complete the genetic inventory of hu-
man ionotropic ATP receptors, we report here the identification, heterologous expres-
sion, and anatomical distribution of a novel member of the human Pgx gene family isola-
ted from fetal brain.

MATERIALS AND METHODS

Molecular Cloning and In Vitro Translation

Using the TBLASTN algorithm, virtual screening of the dbEST database (L.ennon et al.,
1996) with the whole coding region of rat P2X, subunit led to the identification of human
fetal brain EST sequences encoding a novel Pax gene (GenBank Accession numbers
T80104 and Z43811). The clone tagged by EST T80104 was sequenced on both strands
and was shown to encode a short splicing variant of human Pgx subunit related to rat
P2Xs (hP2X5R) (Fig. 6.1). A longer splicing variant of hP2Xsy was detected in RT-PCR
from human cerebellum mRNA with exact match primers. The EST clone was enginee-
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red to generate the long version of hP2Xsg, (Fig. 6.1), deposited in Genbank under acces-
sion number AF016709. This hP2Xgg clone was transferred into the HindIII-Notl sites
of eukaryotic vector pcDNAS3 (Invitrogen) for CMV-driven heterologous expression in
HEK-293A cells and Xenopus oocytes. Supercoiled hP2Xsg plasmid was used for in
vitro translation using the TnT system with T7 RNA polymerase (Promega) and [35S}-
cysteine (ICN) according to the manufacturer’s specifications.

Construction of Epitope-Tagged hP2X g Subunits and Immunolocalization

The hP2Xsg subunit was epitope-tagged (hP2Xsg-Flag) to facilitate the immunolocali-
zation of the protein both in situ and in Western blots from transfected mammalian
cells. The Flag octapeptide, DYKDDDDK (IBI), was inserted by PCR in the C-terminal
domain of hP2Xsg using an antisense oligonucleotide primer designed for the replace-
ment of its natural stop codon by an artificial in-frame Xhol site, TCACTCGAGCAAC-
GTGCTCCTGTGGGGCT. Full-length mutant hP2Xsg ¢cDNA was amplified in PCR
using Pfu polymerase (Stratagene), then ligated to a XhoI-Xbal cassette containing the
Flag peptide followed by a stop codon (Mukerji ef al., 1996) in the pcDNAS3 vector.

For transfection of hP2Xs;r-Flag subunits, HEK-293A cells (ATCC #CRL-1573) were
grown in DMEM-10% heat inactivated fetal bovine serum (Wisent, St. Bruno, Quebec)
containing penicillin and steptomycin. Freshly plated cells reaching 30-50% confluency
~were used for transient transfection using the calcium phosphate method on 90 mm
dishes with 10 ug supercoiled plasmid/108 celis.

For immunofluorescence, transfected HEK-293A cells (48-72 h post-transfection time)
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were plated at 50-70% confluency in poly-L-lysine-coated chambers. Adherent cells
were washed in PBS and fixed for 20 min at room temperature with 4% paraformalde-
hyde in 0.1 M phosphate buffer, pH 8.0. After blocking non-specific sites with 2% nor-
mal goat serum, fixed cells were incubated with anti-Flag monoclonal antibody (mAb)
M2 (10 pg/ml; IBI) for 1 h at room temperature in 0.05 M Tris-saline buffer pH 7.2
containing 0.2% Triton X-100, 5% normal goat serum and 5% dry milk powder. Bound
primary antibodies were detected by immunofluorescence after 1 h with Texas red-la-
beled goat anti-mouse (2 pg/ml) secondary antibodies (ImmunoResearch Labs). For
high resolution analysis of hP2Xsgr-Flag subcellular distribution, we used a Zeiss Laser-
scan Inverted 410 confocal microscope equipped with an argon-krypton laser set at 580
nm for Texas red. Serial images (512 x 512 pixels) acquired as single optical sections
were averaged over 32 scans/frame and processed with the Zeiss CLMS software pac-
kage. For Western blots, transfected cells were lifted in Hank's modified calcium-free
medium with 20 mM EDTA, pelleted at low speed and homogenized in 10 volumes of 10
mM HEPES buffer pH 7.4 containing protease inhibitors phenylmethylsulfonyl fluoride
(0.2 mM) and benzamidine (1 mM). Lysates were pelleted at 14 000 x g for 5 min to
remove cell debris before protein assay and crude membrane proteins in supernatants
were solubﬂizedwitﬁ SDS-containing loading buffer. About 150 ug of protein/lane were
run on 12% SDS-PAGE, then transferred to nitrocellulose. Immunoprobing was perfor-
med with mouse mAb M2 (10 pg/ml) followed by peroxidase-labeled secondary antibo-
dies for visualization by enhanced chemiluminescence (Amersham).

Functional Expression of h-rP2Xs Chimera in Xenopus Oocytes

The domain of hP2Xsg containing amino acids 1-318 was fused to the PCR-amplified do-
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main corresponding to amino acids 318-455 of rP2X5 using the natural BamHI site of
hP2XsR to generate the chimera h-rP2Xs. QOocytes surgically removed from mature Xe-
nopus laevis frogs were treated for 3 h at room temperature with type II collagenase
(Gibco-BRL) in Barth's solution under agitation. Selected stage V-VI oocytes were de-
folliculated chemically before nuclear micro-injections (Bertrand et al., 1991) of 10 ng of
cDNA of hP2X5r or h-rP2X5 chimera in pcDNAS3 vector. After 2-5 days of expression at
19 °C in Barth's solution containing 10 pg/ml gentamicin, oocytes were recorded in a
two-electrode voltage-clamp configuration using an OC-725B am-plifier (Warner Instru-
ments). Signals were acquired and digitized at 500 Hz using a Macintosh Ilci equipped
with a A/D card NB-MIO16XL (National Instruments) then traces were post-filtered at
100 Hz in Axograph (Axon Instruments). Agonists dissolved in Ringer's solution contai-
ning 115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl; in 10 mM HEPES pH 7.4 at room
temperature were applied onto oocytes by perfusion in constant flow (12 ml/min).

RT-PCR Detection of hP2Xsr mRNA from Human Cerebellum and Lymphocytes

Total RNA from post-mortem adult human cerebellar cortex and adult lymphocytes
were isolated using Trizol reagents (Gibco-BRL). Then 5 pg of each RNA was subjected
to random-primed reverse-transcription with Superscript (Gibco-BRL). Around 100 ng
of RT-cDNA was used as templates for PCR with the following primers, forward, TTCG-
ACTACAAGACCGAGAAGT (P1, see Fig. 6.1-B), and reverse, CTTGACGTCCTTCAC-
ATTGT (P2) to amplify the region corresponding to nucleotides 75-671 around the spli-
cing event, as well as forward GAGGCCGAAGACTTCACCAT (P3) and reverse CCTC-
GTACTTCTTGTCACGG (P4) to detect the expression of a complete second transmem-

brane domain (M2). Non-RT samples amplified in the same conditions provided the ne-
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gative controls. Integrity and representative of RT-cDNA were checked by amplifica-
tion of hP2X7 subunit message (Rassendren et al., 1997) and hP2X4 message (Garcia-
Guzman et al., 1997) with appropriate primers in lymphocytes and in cerebellum, res-

pectively (data not shown).
Distribution of RP2X5g Transcripts in Human Tissues

Known amounts of mRNA blots corresponding to equivalent transcription levels of
housekeeping genes from various fetal and adult human tissues (Masterblot, Clontech)
were probed with full-length random-primed [32P}-hP2X5r ¢cDNA at high stringency (fi-
nal elution at 65 °C in 0.3 x SSC buffer). Hybridization signals were quantitated using a
Storm phosphorimager and the ImageQuant application (Molecular Dynamics) before
substraction of background and normalization of transcription levels.

RESULTS AND DISCUSSION

The longest reading frame of hP2Xsr cDNA encodes a protein of 422 amino acids that
displays 62% sequence identity with rP2Xs and several unique motifs conserved in all
Pgox receptor subunits (Fig. 6.1). In the intracellular N-terminal domain, hP2Xzy dis-
plays a highly conserved threonine residue (Thrl8), potentially susceptible to phospho-
rylation by protein kinase C. In addition, a serine residue (Ser!2)is found in a consensus
site for phosphorylation by casein kinase II. In the putative extracellular domain of
hP2X5g, all 10 cysteine, all proline, 91% of glycine, and 75% of lysine residues are pre-
sent at homologous positions in all Pox subunits, indicating their critical roles in the fol-
ding and function of this sensor region. We checked the real position of the predicted



TUOCK. LE 148

stop codon by in vitro translation as well as Western blot assays (Fig. 6.2). The recom-
binant subunit and its epitope-tagged mutant migrate at a M. of 49 = 2 kDa and 51 = 2
kDa, respectively, in agreement with the calculated MW of 47 kDa for wild-type hP2Xsr
(Fig. 6.2-B). At least one of the 3 N-linked glycosylation consensus sites present in the
extracellular domain of hP2Xsy, is used, according to the difference of M, (up to 11 kDa)
between in vitro translated hP2Xsr and hP2Xsr expressed in transfected HEK-293A
cells (Fig. 6.2-B,C). The multiple bands observed in Western blots from transfected
cells could be due to the co-expression of several glycosylated forms of hP2Xsr (Fig. 6.2-
B).

The integrity of the protein was also checked by detection of heterologously expressed
epitope-tagged hP2X s mutants using in sifu immunofluorescence (Fig. 6.2-A; Fig. 6.3).
Analysis of the subcellular localization of hP2Xgsr-Flag in HEK-293A cells using confo-
cal microscopy indicated a correct targeting of the subunit to the plasma membrane
(Fig. 6.3), quantitatively similar to the surface distribution of the functional Pox recep-
tors rP2X;-Flag and rP2X-Flag (L& et al., 1998). When expressed in Xenopus oocytes,
homomeric hP2X;sg channels do not respond to extracellular ATP applied at concentra-
tions up to 1 mM. However, the chimera h-rP2X5, made of the N-terminal domain of
hP2Xsg linked to the C-terminal domain of rP2Xs, revealed the formation of cationic
ATP-gated ion channels (Fig. 6.4). These channels run down rapidly and do not recover
fully from desensitization after extensive washing of agonist lasting several minutes in
constant perfusion (Fig. 6.4). Therefore, despite the high sequence similarity with non-
desensitizing wild-type rP2X5 (62%), this chimeric channel displays a unique functional
property not found in any other known homomeric or heteromeric subtypes. These da-
ta suggest that kinetics of desensitization of Pox channels are dependent on subtle rules
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of complementarity between the N- and the C-terminal halves of the subunits, as has
been shown for P2X; and P2Xs (Werner et al., 1996).

We observed the expression of a splicing variant identified in fetal and adult brain by
RT-PCR (Fig. 6.5), differing from the long form of hP2Xsr by the absence of a cassette
of 24 amino acids, corresponding to the domain Gly97-Glul20 (Fig. 6.1). This cassette
contains one of the 10 extracellular cysteines, so the expression of this short variant is
due to either to some inaccuracy in the intron/exon splicing mechanisms or to some
functional regulation. Interestingly, the region including amino acids Ala328-Ala34? in
rP2X5, corresponding to the pre-M2 region and the outer mouth of M2s in other Pgx
receptor subunits (Rassendren et al., 1997), is consistently absent in hP2X;r mRNAs
from brain and lymphocytes, despite the high sensitivity of the RT-PCR method used
and the high levels of expression in both tissues (Fig. 6.6). Furthermore, attempts to de-
tect a variant of hP2X5g with a complete M2 failed in tissues where homologous rP2Xs
has been localized by in situ hybridization (Collo et al., 1996), like spinal cord and trige-
minal sensory ganglia (data not shown).

To assess the anatomical distribution, we measured the relative levels of transcription
of the hP2X5R gene in quantitative mRNA dot blots. Hybridization signals from a varie-
ty of fetal and adult tissues showed widespread but selective distribution of central and
peripheral hP2X;sg transcripts (Fig. 6.6). The two systems primarily involved in the
processing of extracellular information, i.e., the central nervous system and the immune
system, show highest levels of hP2Xsg expression. We measured a dramatic develop-
mental down-regulation of hP2Xsr mRNAs in the thymus from the fetal to the adult
stage (Fig. 6.6) that could be related to the massive apoptosis of immature thymocytes
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occurring during negative selection (King and Ashwell, 1994). P2X; mRNA has been
found to be upregulated during the apoptosis of immature thymocytes (Owens et al.,
1991) so the distribution of hP2X;sr argues strongly for an important role of Pgx recep-
tors in clonal deletion of immune cells. With only one transmembrane region, the struc-
ture of hP2Xsr, is reminiscent of tyrosine kinase receptors (Barbacid, 1994). We specu-
late that hP2Xsp could be activated by the binding of an unidentified extracellularligand
or could be involved in the regulation of channel subunit interactions both in the brain

and in the immune system.

The rP2X; is the neuronal subunit with the most limited distribution, so one striking
difference between rat and human Pgx receptor genes is the high expression of hP2Xsr
in the brain and in peripheral tissues. The developmental regulation of levels of
transcription and the tissue specificity observed in mRNA splicing do not seem compa-
tible with the expression of a processed pseudogene (Maestre et al., 1995). However, it
is possible that undetected splicing variants of hP2Xsr with two transmembrane
domains would form functional human P2X5 channels in homomeric form or assemble in
heteromeric complexes in specific cell types. In any case, as has been described in
other classes of multimeric integral proteins, i.e., the neurotrophin receptors (Altabef et
al., 1997), the steroid receptors (Eide et al., 1996), and voltage-gated K channels (Jiang
et al., 1997), the regulatory effect of a dominant negative truncated hP2Xsgr subunit on

human heteromeric ATP-gated channels remains to be investigated.
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FIGURE 6.1 Molecular cloning of a novel member of the human Pgx ATP gene family,
hP2Xsgr. (A) Nucleotide sequence and ORF domain. Potential intracellular phosphory-
lation sites are indicated as well as cysteine residues (bold) and N-glycosylation sites
(italics) in the putative extracellular domain of the subunit. The spliced domain of 24
amino acids (Gly97-Glul20), absent in the short variant from brain, is boxed. The
putative splicing site of missing M2 sequence is indicated by the arrowhead. (B) Align-
ment of human and rat P2X5 amino acid sequences and positions of PCR primers based

on hP2Xsy primary structure.
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FIGURE 6.2 Heterologous expression and immunodetection of hP2Xsr subunits. (A)
In vitro translations of recombinant wild-type (1) and Flag-tagged hP2Xsgr (2). (B) De-
tections in Western blots of epitope-tagged hP2Xsg (1) and rat P2X4 (2) from transfec-

ted HEK-293A cells.
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FIGURE 6.3 Subcellular distribution of hP2Xsg subunits expressed in HEK-293A cells
using confocal microscope immunofluorescence. Arrows indicate the localization of

hP2Xsg subunits on the plasma membrane.
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FIGURE 6.4 Functional expression of the chimera h-rP2Xs in Xenopus oocytes. Fast
and desensitizing inward currents evoked by 100 uM extracellular ATP were recorded
after 2-5 days of expressions in two-electrode voltage-clamp configurations (holding po-
tential Vi=-100 mV). Repeated applications of ;agonists attime g+ 500 s or {5 + 700 s

showed profound desensitizations of the chimeric ATP-gated channels.
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FIGURE 6.5 hP2X;p transcripts are expressed in two alternatively spliced forms in
human brain as detected in RT-PCR amplifications (lane 1, primers P1 and P2). The
full-length form is predominantly found in lymphocytes (lane 3, primers P1 and P2).
Both hP2Xsgr mRNA populations from brain (lane 2, primers P3 and P4) and lym-
phocytes (lane 4, primers P3 and P4) encode subunits with a single transmembrane

domain.
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FIGURE 6.6 Relative levels of expressions of central and peripheral hP2Xsg mRNA in
human fetal (shaded bars) and adult tissues using hybridization of a full-length cDNA
probe on poly(A)* RNA blot.
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CHAPTER 7
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GENERAL DISCUSSION
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The present Thesis illustrates the use of a multidisciplinary approach based on mole-
cular biology, protein chemistry, and electrophysiology to characterize recombinant
ATP-gated Pox cation channels. Qur work covers investigations on central Pox immu-
nocytochemistry (Lé ef al., 1998a), novel heteromultimeric Pgy subunit interactions (Lé
et al., 1998b; Lé et al., 1999), and human Pgy primary sequence (Lé ef al., 1997). These
studies might open new avenues such as developments of therapeutical compounds tar-

geting Py receptors to be pursued in future research programs.

SENSORY PRESYNAPTIC AND WIDESPREAD SOMATODENDRITIC IMMUNOLOCALIZA-
TION OF CENTRAL IONOTROPIC Pzx ATP RECEPTORS (Lé e al., 1998a) — Polyclonal
anti-P2X, antibodies, raised against the intracellular C-terminal domain of P2X4 sub-
units, were affinity-purified and validated through ir situ immunofluorescence and pro-
tein blotting methodologies performed on transiently transfected HEK-293A cells ex-
pressing either wild-type P2X4 proteins or various epitope-tagged Psx constructs,
namely, C-terminal domain Flag-tagged P2X; and P2X5 as well as P2X4; mutants. In
Western blot, affinity-purified anti-P2X4 antibodies recognized a protein migrating at a
relative molecular weight close to 60 kDa from protein homogenates prepared from
either heterologous expression systems or brain extracts. On the other hand, both
P2X;-Flag and P2X,-Flag were not recognized by anti-P2X, antibodies, yet, these con-
structs were detected with monoclonal anti-Flag M2 antibodies. These data validated
the subunit specificity of our affinity-purified rabbit polyclonal anti-P2X, antibodies and
they demonstrated that P2X,-containing receptors were widely but variably expressed
within various brain regions. Our regional P2X, protein mapping results from brain
homogenates was in good correlation with and extended what has been described pre-

viously using in situ hybridization data.
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Furthermore, cellular P2X, channel expression patterns were determined by immuno- '
cytochemical studies at the light microscope level. First, P2X, receptor expression pro-
files within both brain and spinal cord were observed to be widespread thereby corro-
borating previously reported in situ hybridization results regarding P2X; mRNA distri-
bution patterns (Bo et al., 1995; Buell et al., 1996a; Collo et al., 1996; Séguéla et al.,
1996). Second, P2X4 protein immunoreactivity was found to be predominantly on post-
synaptic structures thereby demonstrating that fast purinergic neurotransmission can
be mediated through natively expressed ATP-gated Pgx channels as previously sugges-
ted by electrophysiological recordings from various brain loci such as medial habenular
neurons (Edwards et al., 1992), hippocampal CA3 subfields (Ross ef al., 1998), and cere-
bellar Purkinje cells (Mateo ef al., 1998), spinal cord dorsal horn (Jahr and Jessell, 1983;
Bardoni et al., 1997; Gu and MacDermott, 1997), and sensory neurons (Lewis e al.,
1995; Khakh et al., 1995; Cook et al., 1997; Gu and MacDermott, 1997; Khakh et al,,
1997).

Although widespread postsynaptic P2Xy protein expression patterns were obvious from
our immunocytochemical results, yet, P2X; immunoreactivity was also present on the
presynaptic side in discrete brain and spinal cord loci. For instance, presynaptic P2X,-
containing receptors were localized in the olfactory bulb thereby strongly suggesting
that ATP might be involved in modulatory and/or signaling function in olfaction sensory
processing events. Presynaptic P2X, channel expression was also observed in the dor-
sal horn of the spinal cord, more specifically in laminae I and I, cell layers known to
relay and process various sensory modalities such as nociception. Indeed, Pgx recep-
tors have been previously observed to be capable of modulatory functions (Li and Perl,
1995; Gu and MacDermott, 1997). Therefore, our experimental data about P2X, presy-
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naptic protein expression profiles within selective sensory pathways directly strengthen
the view that native presynaptic Pgx receptors modulate neurotransmission (Li and
Perl, 1995) through regulation of neurotransmitter release events (Fu and Poo, 1991;
Sperlagh and Vizi, 1991; Sun and Stanley, 1996; Cook et al., 1997; Gu and MacDer-

mott, 1997).

Moreover, other studies have reported the immunolocalization of P2X; (Vulchanova et
al., 1996), P2X, (Kanjhan et al., 1996; Vulchanova et al., 1996; Vulchanova et al., 1997),
P2X3 (Cook et al., 1997; Vulchanova ef al., 1997; Bradbury et al., 1998; Vulchanova et
al., 1998), and P2X; (Collo et al., 1997) and these results are corroborated the in situ hy-
bridization data (Collo et al., 1996). These studies have also documented presynaptic
protein expression of neuronal P2X; (Vulchanova ef al., 1996), P2Xy (Vulchanova et al.,
1996; Vulchanova et al., 1997), and P2X3 subunits (Cook ef al., 1997; Vulchanova et al.,
1997; Bradbury ef al., 1998; Vulchanova et al., 1998) in sensory pathways. Taken alto-
gether, all immunocytochemical studies are consistent with the concept of presynaptic
Py localization (Lé et al., 1998a), strongly suggesting that sensory inputs, for instance,
olfaction and nociception, could be regulated by presynaptic ATP-gated Pax ion chan-
nels. Consistent with this role of neuromodulator of Pgx receptors, it has been pre-
viously demonstrated that cholinergic presynaptic nerve terminals from chicken ciliary
ganglia were exhibiting ionotropic purinergic responses, believed to be of Pg nature,
elicited by ATP applications (Sun and Stanley, 1996). Similarly, extracellular ATP has
recently been shown to modulate presynaptic glutamate release from DRG axon termi-
nals onto spinal cord neurons in co-culture preparations (Gu and MacDermott, 1997).
It has also been reported that ATP enhanced spontaneous acetylcholine releases from

developing Xenopus neuromuscular synapses (Fu and Poo, 1991). Moreover, ATP has
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also been suggested to be directly involved in the potentiation of evoked acetylcholine as
well as noradrenaline releases from axon terminals innervating guinea pig ileum muscle
strips (Sperlagh and Vizi, 1991).

Although we demonstrated that P2X, is widely expressed on postsynaptic membranes
as well as selectively expressed on nerve terminals in sensory systems, yet, native Pgx
activity recorded from various brain and spinal cord preparation has been shown to be
sensitive to apmATP. Strikingly, all central Pox responses recorded from various brain
loci have been observed to be sensitive to suramin and/or PPADS blockade (Barnard et
al., 1997). Therefore, the problem of the native central Py subunit composition re-
mains, as yet, to be solved. Accordingly, our second manuscript (Lé & al., 1998b) ad-
dressed this issue by documenting a novel Pz channel phenotype characterized by

pharmacological profiles corresponding more closely to central Poy; responses.

CENTRAL P2X; AND P2Xg CHANNEL SUBUNITS CO-ASSEMBLE INTO A NOVEL
HETEROMERIC ATP RECEPTOR (Lé ef al., 1998b) — We used in this study an ir vitro
electrophysiological recording method to assess the association between P2X4 and P2Xg
subunits through protein expression time-courses and pharmacological profiles using
purinergic agonists and P2 antagonists as well as various co-factors known to modulate
Pgx channel responses. Xenopus oocytes expressing homomultimeric P2X; or P2Xg
channel subunits were compared to those co-expressing both of these predominant and
overlapping brain Pgx receptor isoforms. We confirmed with direct experimental eviden-
ce that P2X, and P2Xg channel subunits physically interact through the use of an esta-
blished co-purification assay (Tinker et al., 1996) from mammalian HEK-293A cells co-

expressing both subunits.
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The most striking observation from this study was the fact that P2X4,¢ heteromulti-
meric channels were consistently giving rise to peak current amplitude values, in res-
ponse to ATP applications, several fold higher than P2X; homopolymeric receptors af-
ter three days of expression. Similarly, recorded apmATP responses from Xenopus
oocytes co-expressing P2X, and P2Xg subunits were significantly larger than those ex-
pressing P2X, channels alone after two days of expression. These observations, coupled
to our data on similar potency and efficacy of ATP for P2X4 and P2X,.¢ phenotypes,
strongly suggest that P2X,4 and P2Xg subunits assemble into quaternary complexes en-
dowed with more stability than either subtype expressed alone. Consistent with this
idea, most ligand-gated as well as voltage-activated ion channels are assembled from
heteromultimeric subunit proteins rather than homopolymeric receptors (Green and

Millar, 1995).

We then used purinergic agonists as pharmacological tools to further substantiate the
existence of P2X 4, g channels, notably afmATP. As opposed to ATP, both afmATP and
2MeSATP were significantly more potent as well as more efficacious on oocytes co-ex-
pressing P2X, and P2Xg subunits than on those expressing P2X4 receptors alone. The
present manuscript therefore provided a novel moderately desensitizing apmATP-sen-
sitive phenotype mediated by P2X,,s channels. The other two known afmATP-sensiti-
ve phenotypes were the rapidly desensitizing homopolymeric P2X; (Valera et al., 1994)
and P2X3 (Chen et al., 1995; Lewis et al., 1995) and the non-desensitizing heteromulti-
meric P2Xs, 3 receptors (Lewis et al., 1995; Radford et al., 1997).

Accordingly, native afmATP-elicited responses previously documented from most cen-
tral preparations might be in fact mediated by P2X4,s receptor phenotypes within brain
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and spinal cord loci lacking P2X, subunits (Brake et al., 1994; Collo e al., 1996; Kanjhan
et al., 1996; Vulchanova et al., 1996; Vulchanova et al., 1997). Further, P2X; does not
seem to be present within the adult rat brain (Valera ef al., 1994; Collo et al., 1996; Vul-
chanova et al., 1996), while P2X3 is only expressed in primary sensory neurons (Chen et
al., 1995; Lewis et al., 1995; Collo et al., 1996; Cook ef al., 1997; Vulchanova et al., 1997;
Bradbury ef al., 1998; Vulchanova e al., 1998).

In addition to the medial habenula, the hippocampus, and the cerebellum (Lé e al.,
1998b), numerous other central preparations known to express only P2X, and P2Xg
(Collo et al., 1996) have also been observed to respond to apmATP applications. Hypo-
thalamic neurons from the tuberomammillary nucleus, mainly expressing P2X,4 and
P2X¢ transcripts (Collo ef al., 1996), were found to be activated ;by afmATP (Furuka-
waet al., 1994). Second, although it. was concluded that observed ionotropic purinergic
responses from the hindbrain solitary tract nucleus were mediated by Poy receptors
(Ueno et al., 1992), in hindsight these observations were most likely due to P2X 44
channels. Third, aBmATP has been shown to elicit fast responses from medial vestibu-
lar neurons (MVN) (Chessell ef al., 1997). Consistent with the presence of P2X4,¢ hete-
romultimers presented here, it was concluded that MVN Pgx phenotypes must have
resulted from channel subunit heteropolymerization with unknown isoform composition
(Chessell ef al., 1997). Lastly, locus coeruleus neurons also transcribe P2X,; mRNAs in
addition to P2X4 and P2Xg transcripts (Collo et al., 1996), yet, these neurons were
shown to respond to afmATP concentrations (Harms et al., 1992; Shen and North,
1993) known to be inactive on homomultimeric P2X, (Brake ef al., 1994) and P2X4 (Bo
et al., 1995; Buell e al., 1996a; Séguéla ef al., 1996; Soto e al., 1996a; Wang e al.,
1996) as well as on P2Xg receptors (Collo ef al., 1996; Soto e al., 1996b).



MCGILL UNIVERSITY 171

In addition to these supraspinal loci responding to apmATP applications, spinal cord
dorsal horn laminae I to III were shown to be sensitive to this ATP analog, albeit
amounting to a small proportion vis-a-vis neurons responding to ATP applications (Bar-
doniet al., 1997). Lamina ITI was reported to be devoid of any Pgx transcripts (Collo e
al., 1996). On the other hand, from our results, P2X4 proteins are expressed both post-
and presynaptically within lamina IT (Lé et al., 1998a). Conversely, P2Xs was shown to
be transcribed in lamina II (Collo et al., 1996), however, P2X, protein expression at this
locus remains to be established due to contradictory findings (Vulchanova et al., 1996;
Vulchanova ef al., 1997). Although P2X¢ protein localization data remain, as yet, to be
published, the sensitivity to amATP in laminae I and II of the spinal cord could be due

to P2X ¢ receptors.

It has also been reported that a few supraspinal as well as spinal cord preparations did
not respond to aBmATP applications, notably I}eonatal cerebellar Purkinje cells (Mateo
et al., 1998) and most neurons in superficial layers within spinal cord dorsal horn
neurons (Bardoni et al., 1997). This apparent unresponsiveness to afpmATP in neurons
(Bardoni et al., 1997; Mateo et al., 1998) expressing predominantly P2X, and/or P2Xg
(Collo et al., 1996; Lé & al., 1998a), could be explained by a) the weak efficacy of
aBfmATP in comparision to ATP in eliciting ionotropic responses mediated by hetero-
multimeric P2X,,¢ receptors, based upon our in vitro observations from the present
study (Lé et al., 1998b) and/or b) the expression of P2X4 homomers or other associa-
tions of either P2X, or P2Xg or P2X4.s with novel subunits, notably P2Xs,4,6 or

P2X4;5.6.

P2 antagonists such as suramin, PPADS, and RB-2 were also used to differentiate ho-
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mopolymeric P2X4 receptor phenotype from heteromultimeric P2X,,s channel species.
Indeed, Xenopus oocytes co-expressing P2X, and P2Xs subunits were found to be signifi-
cantly more sensitive to suramin, PPADS, and RB-2 blockade than cells expressing

P2X, alone.

Consistent with these data, all central Pg phenotypes, notably from various supra-
spinal regions known to contain only P2X,; and P2Xg mRNA transcripts and proteins
(Colloet al., 1996; Lé et al., 1998a), reported to date have been shown to be blocked by
suramin and/or PPADS (Barnard et al., 1997). For instance, medial habenular, hippo-
campal CA3 subfield, and neonatal Purkinje neurons exhibiting Pox responses were all
shown to be antagonized by either suramin or PPADS (Edwards et al., 1992; Mateo et
al., 1998; Ross et al., 1998). Similarly, cells from tuberomammillary and solitary tract
nuclei as well as MVN neurons mediating ATP-elicited ionotropic responses were also
reported to be sensitive to P2 antagonist block (Ueno et al., 1992; Furukawa et al.,
1994; Chessell et al., 1997). P2 antagonists cannot be used to infer native Pgx subunit
composition from locus coeruleus neurons (Harms et al., 1992; Shen and North, 1993)
since these cells are known to express P2X, subunits generating receptorss sensitive to

suramin, PPADS, and RB-2 (Brake et al., 1994; Buell ef al., 1996b).

Another significant contribution from the present study consisted of providing a bioche-
mical assay used to directly demonstrating subunit-dependent interaction bewteen
P2X, and P2X¢ subunits. Further, this protein expression system used for co-purifica-
tion constituted the first mammalian cell assay used for such purposes writhin the Pgx
field. Conversely, physical interaction between P2X; and P2Xj3 isoforms was demon-
strated through a co-immunoprecipitation assay from the invertebrate SfO cell expres-
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sion system (Radford et al., 1997), which is known for artifacts of protein over-expres-
sion giving rise to potentially irrelevant protein complexes (R.A. North, personal com-
munication). So far, we have documented regional, cellular, and subcellular protein
localization of a predominant Pgy subunit within both brain and spinal cord as well as
provided a potential solution bridging apparent discrepancies between native central
responses observed in various supraspinal preparations and recombinant receptors.
However, Pox channel subunit composition within spinal cord ventral horn cells remain
to be established. Spinal motor neurons are known to express predominantly P2X,,
P2X,4, and P2Xg transcripts as well as P2X; and P2Xs mRNAs at significant levels
(Collo et al., 1996).

FUNCTIONAL AND BIOCHEMICAL EVIDENCE FOR HETEROMERIC ATP-GATED
CHANNELS COMPOSED OF P2X; AND P2X; SUBUNITS (Lé ef al., 1999) — We have
reported in this study another heteromultimeric Pgx subtype assembled from P2X; and
P2X5 subunits. This conclusion based upon both pharmacological profiles and channel
kinetics from Xenopus laevis oocytes co-expressing both subunits compared to those ex-
pressing either subunit alone, as well as on biochemical assays in transfected HEK-
293A cells demonstrating mutual subunit-specific interaction between P2X; and P2Xj;
channels. These observations were corroborated by a recent report on the co-assembly
between P2X; and P2Xg subunits where heteromultimeric P2X 5 receptors were shown
to display a P2X;-subtype pharmacology (afmATP sensitivities) and a P2Xs-like chan-
nel kinetics (non-desensitizing) from transiently transfected HEK-293 cells (Torres et
al., 1998b).

Based upon observed similarities between Pgx responses in HEK-293 cells co-expres-
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sing P2X5 and P2X3 subnits and nodose neurons, in terms of pharmacological and chan-
nel kinetic properties, it was then suggested that these native apmATP-elicited, yet
non-desensitizing responses must have been mediated by heteropolymeric P2Xs,3 chan-
nel complexes since these properties could not be accounted for by either homomul-
timeric P2X, or P2X3 subtypes (Lewis et al., 1995). Direct physical association be-
tween P2X5 and P2X3 subunits was subsequently reported (Radford ef al., 1997). It was
also hypothesized that previously documented Pgx responses from dorsal r60t ganglion
(DRG) cells (Krishtal et al., 1983; Krishtal et al., 1988; Bean, 1990; Khakh et al., 1995)
might have been also mediated by hetero-oligomeric P2X,,3 receptors (Lewis et al.,
1995; Radford et al., 1997).

Indeed, recent immunocytochemistry data have indicated co-localization of P2Xy and
P2X3 subunits within nodose cell bodies as well as their central terminals (Vulchanova
et al., 1997). However, a recent study has observed that nodose neurons expressed
other Pgx subtypes than P2Xs, s-like subtypes with unknown subunit composition (Tho-
‘mas et al., 1998). Moreover, DRG neurons have been shown to co-express P2X; and
P2X3 proteins only at their cell bodies but not at their central axon terminals making
synapses in the spinal cord (Vulchanova et al., 1997). These observations, coupled to
the fact that a) sensory neurons have been reported to transcribe P2X; and P2Xj
mRNAs (Collo et al., 1996) and b) P2X,; subunits have been shown to be expressed
presynaptically within the dorsal horn of the spinal cord (Vulchanova et al., 1996)
strongly suggested that heteromultimeric P2X1+g receptors studied from in vitro assays
(Torres et al., 1998b; Lé et al., 1999) might be expressed by central terminals of DRG
neurons. Besides P2X; (Vulchanova et al., 1996) and P2X,; (Vulchanova et al., 1996;
Vulchanova et al., 1997) as well as P2X3 (Vulchanova ¢ al., 1997; Bradbury et al.,
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1998; Vulchanova et al., 1998), P2X, proteins was also shown to be expressed on the
presynaptic side within the dorsal horn of the spinal cord (Lé et al., 1998a), yet, P2X,
subunits have been reported not to interact with either P2X; (Lewis et al., 1995; Lé ef
al., 1998b; Torres e al., 1999), P2X; (Lewis e al., 1995; Torres ef al., 1999), or P2X3
subunits (Lewis et al., 1995; Torres et al., 1999) further strengthening the hypothesis in
favor of heteropolymeric P2Xj.5 receptors mediating P2Xy,s-like phenotypes in nodose
cell bodies and central terminals (presynaptic) as well as in DRG processes synapsing
onto the dorsal horn of the spinal cord (presynaptic).

Interestingly, it has recently been shown biochemically that P2X; and P2X5 as well as
P2X3 and P2X5 could form heteromultimeric complexes leading to P2X;,, and P2X3,5 re-
ceptors, respectively (Torres ef al., 1999). Conversely to P2X,,5 (Torres et al., 1998b;
Lé et al., 1999) and P2X,, 3 channel phenotypes (Lewis et al., 1995), P2X, 5 receptors do
not give rise to novel functional properties that could not have been accounted for by
either homopolymeric subunits (Lewis & al., 1995). On the other hand, functional pro-
perties of heteromultimeric P2X3,5 channels (Torres et al., 1999) remain to be investi-
gated. TNP-ATP could be used to trace, functionally, the presence of heteromultimeric
P2X3,5 receptors, assuming that co-assembly between P2X3 and P2X5 subunits would

display a P2Xs,s-like phenotype.

On the same token, TNP-ATP could be used as a potent pharmacological tool, based
upon our observations (1& ef al., 1999), to assess whether DRG central terminals, espe-
cially those lacking P2X, and P2Xg3 protein co-localization (Vulchanova et al., 1997),
express P2X,,5 receptors natively. The same argument could be used to screen whe-

ther motoneurons of the ventral horn of the spinal cord possess P2X;.s channels, since
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it has been shown that these two subunits were predominantly transcribed in an over-
lapping fashion in this population (Collo et al., 1996). Both P2X, and P2X, have been
shown to be much less sensitive to TNP-ATP block than P2X;, P2X3, P2Xs,3 (Virginio ef
al., 1998) or P2X;,5 receptors (L& et al., 1999).

It is clear now, that overlapping presynaptic expression~patterns between any given
Pox¢ subunits would not necessary warrant co-assembly. The best example is P2X3 and
P2X4 (Lewis et al., 1995; Torres et al., 1999) both of which are expressed presynaptical-
ly within lamina II of the dorsal horn of the spinal cord (Bradbury et al., 1998; Lé e al.,
1998a; Vulchanova et al., 1998). Alternatively, both P2X; and P2X, receptors have
been reported to display overlapping presynaptic expression profiles (Vulchanova et al.,
1996) and they have been shown to interact together biochemically (Torres et al.,
1999), yet, their assembly does not generate receptors displaying hybrid functional pro-
perties distinct from either homomultimeric P2X; or P2X; subunits (Lewis et al., 1995).
On the other hand, observed variabilities in Pgx responses in terms of TNP-ATP ICsq
values recorded from nodose cells (Thomas et al., 1998) might be due to heterogeneous
populations of homopolymeric as well as heteromultimeric P2X5,3 receptors composed
of different P2X, and P2X3 subunit stoichiometries. However, these variable responses
to this antagonist have not been observed in HEK-293 cells co-expressing P2X, and
P2X3 isoforms (Virginio ef al., 1998) strongly suggesting contributions of other homo- or
hetero-oligomeric complexes composed of other Pgx subunits besides P2Xs and P2Xg
proteins such as P2X;.5 (Torres ef al., 1998b; Lé e al., 1999).

PRIMARY STRUCTURE AND EXPRESSION OF A NATURALLY TRUNCATED HUMAN

P2x ATP RECEPTOR SUBUNIT FROM BRAIN AND IMMUNE SYSTF;M (Lé et al., 1997)
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— This project was undertaken in an effort to complete the inventory of human Pax
gene family members. rP2Xs-encoding transcripts have been shown to be the most
rare mRNAs among all rPox subunits, thereby, rendering the cloning of hP2Xsg interes-
ting both in terms of species-dependent properties as well as regional distribution diffe-

rences.

Our most surprising observation has been the predicted primary structure of hP2Xsgp
displaying only one transmembrane domain. Indeed, hP2Xsg has been observed to be
non-functional in Xenopus laevis oocytes despite the fact that this protein is properly
targeted to the plasma membrane of transiently transfected HEK-293A cells. Based
upon these results, it would be interesting to know if hP2X; interacts with hP2Xsg.
More specifically, should hP2X,sr, exist then what would be the resultant pheno-
type(s)? Could hP2Xsg act as a natural dominant negative mutant affecting thereby
channel function within complexes containing other functional Pyy subunits?

Another significant difference between rP2X5 and hP2Xsr has been found at the level of
the distribution of hP2Xzg mRNAs. In other words, as opposed to rP2Xs, hP2Xsgr has
been determined to be transcribed both within central nervous as well as in various
immune tissues. Similar to the present case whereby transcript distribution has been
found to be species-dependent between mammals, hP2X,, (the ortholog of rP2X;) has
been reported to be found only within skeletal muscle (Urano et al., 1997) whereas
rP2Xg has been documented as having a much more widespread distribution pattern
(Collo et al., 1996). In retrospect, it is interesting to note that both rP2Xs and rP2Xg
have been hard to characterize in terms of respective functions. More specifically, ho-

momeric rP2X5 receptors gave rise to significantly smaller current amplitudes in com-
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parision to other recombinant Pgx subunits characterized in either HEK-293 cells (Collo
et al., 1996; Torres et al., 1998b) or Xenopus laevis oocytes (Lé et al., 1999). Similarly,
rP2X¢ has been reported to be non-functional from injected cocytes from two indepen-
dent laboratories (Soto et al., 1996b; Lé et al., 1998b).

And finally as concluding remarks to the present Thesis, fast-acting purinergic synaptic
signaling in the CNS is currently well accepted based upon several observations such
as a) vesicular co-release of ATP with other well characterized neurotransmitters and
b) neuronal Py protein and mRNA distribution patterns. Therefore, in our quest for
understanding the potential physiological roles of ATP-gated Pgx channels in global
neuronal communication, our results from the present Thesis have significantly contri-
buted to the knowledge of basic biological aspects of Pgx receptors, namely their distri-
bution characteristics at the protein level, interactions between subunits in relevant
heteromultimeric complexes, and species-dependent biophysical properties as well as
dissixﬁilarities in terms of their transcriptional distribution patterns.

Physiological roles of fast-acting purinergic responses have always been difficult to
identify due to the lack of specific Pox antagonists. Although TNP-ATP has recently
been shown to be an effective blocker at several Py subtypes, yet, both the sensitivity
of adenosine receptors as well as Pgy behaviors to this analog remains to be checked.
Involvements of neuronal Pgx receptors in selective sensory pathways could be rewar-
dingin terms of significant therapeutical implications such as developments of a novel
class of drugs for pain management. Genetic models like Pgx receptor knockout mice
and/or transgenic animals will be helpful in assessing to what extent Pgx channels play

a significant role in proprioceptive and nociceptive pathways.
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SENSORY PRESYNAPTIC AND WIDESPREAD
SOMATODENDRITIC IMMUNOLOCALIZATION OF
CENTRAL IONOTROPIC P2X ATP RECEPTORS
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Abstract—Recent evidence suggests that extracellular ATP plays a neurotransmitter role in the central
nervous system. Its fast ionotropic effects are exerted through a family of P2X ATP-gated channels
expressed in brain and spinal cord. To determine the physiological significance of central ATP receptors,
we have investigated the localization of a major ncuronal P2X receptor at the cellular and subceflular
levels using affinity-purified antibodies directed against the C-terminal domain of P2X, subunit
Subunit-specific anti-P2X, antibodies detected a single band of 57,0004+3000 mol. wt in transfected
HEK-293 cells and in homogenates from adult rat brain. The strongest expression of central P2X
receptors was observed in the olfactory bulb, lateral septum, cerebellum and spinal cord. P2X,
immunoreactivity was also evident in widespread areas including the cerebral cortex, hippocampus,
thalamus and brainstem. In all regions examined, P2X receptors were associated: with perikarya and
dendrites where they were concentrated at the level of afferent synapt.lc junctions, conﬁmung a direct
involvement of postsynaptic ATP-gated channels in fast umtatory punnerglc transmission.

Moreover, P2X -containing purinoceptors were localized in axon terminals in the olfactory bulb and in
the substantia gelatinosa of nucleus caudalis of the medulla and dorsal horn of the spinal cord,
demonstrating an important selective presynaptic role of ATP in the modulation of neurotransmitter
release in central sensory systems. © 1997 IBRO. Published by Elsevier Science Ltd.

Key words: ATP-gated channel, purinergic, nucleotide, olfactory bulb, substantia gelatinosa, spinal cord.

The role of extracellular ATP as a neurotransmitter
at neuro-effector and neuro-neuronal synapses in the
peripheral nervous system has been convincingly
demonstrated (see review in Zimmermann, 1994).%3
Furthermore, a growing body of neurophysiological
evidence,suggests that ATP is involved in widespread
- excitatory transmission in the CNS.!%!4-16-20.21.40
Ionotropic peripheral and central effects of extra-
cellular ATP are exerted through a family of P2X
purinoceptors.

Seven different genes coding for mammalian
central and peripheral P2X ATP receptor subunits
have been cloned so far. These genes have distinct
but partially overlapping anatomical patterns of
transcription that suggest tissue-specific heteromeric
assembly of P2X subunits.*® P2X, subunits are
expressed predominantly in smooth muscle cells.*!

P2X. mRNA is found in sympathetic and sensory -

*To whom correspondence should be addressed.

Abbreviations: DAB, diaminobenzidine; EDTA. ethylene-
diaminetetra-acetate: GST. glutathione-S-transferase:
HEPES. N-2-hydroxyethylpiperazine-N"-2-ethanesul-
phonic acid: MBP, maltose-binding protein; NGS, nor-
mal goat serum: PCR. polymerase chain reaction: PVDF,
polyvinylidene difluoride: SDS-PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis; TBS. Tris-
buflered saline.

necurons as well as in the pituitary gland * P2X, is
expressed exclusively in sensory neurons,®*>* while
P2X, is also present in sensory neurons and in a
subset of spinal motoneurons.'®'” The cytolytic
P2X, receptor was found to be expressed in immune
cells and in glial cells of central and peripheral
nervous system.>®

In situ hybridization studies have shown that
P2X,36-7 and P2X,'® are the only two members of
the P2X gene family to be widely transcribed in the
adult CNS and in periphery. Whether recorded in
recombinant form in Xenopus oocytes®’=® and trans-
fected HEK-293 cells,5'® or natively in cultured
epithelial cells from rat maxillary salivary gland,®
the homomeric forms of these two receptors display
a characteristic low sensitivity to the classical
purinergic antagonists suramin and pyridoxal-
phosphate-6-azophenyl-2’,4’-disulphonic acid as well
as slow desensitization kinetics. There is still no
information available, however, on the cellufar and
subcellular distribution of these proteins in mam-
malian CNS. Yet, this information is critical to our
understanding of the physiological role of central
ATP-gated channels.

Taking advantage of the cloning of neuronal P2X
receptors, we have developed subunit-specific poly-
clonal antibodies directed against P2X,, one major
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and widespread component of central P2X receptors.
We report here the localization of this receptor-
channel subunit at the regional, cellular and
ultrastructural level in the adult rat brain and
spinal cord. A summary of this work has been
presented at the XXVIth Annual Meeting of Society
for Neuroscience.>

EXPERIMENTAL PROCEDURES

Development and purification of subunit-specific anti-P2X,

antibodies

The cDNA coding for the C-terminal domain of rat
P2X,, corresponding to the last 31 amino acids. the stop
codon plus the 3’ untranslated region, was amplified in
polymerase chain reaction (PCR) from a full-length clone™”
using a sense primer (TCGGATCCCTCTACTGCATGAA
GAAG) containing an artificial BamHI restriction site and
a reverse pcDNAI vector primer. The 672 base pair PCR
product was double digested with BamHI and EcoRI for
subcloning in frame with glutathione-S-transferase (GST)
protein in the prokaryotic expression vector pGEX-2T
(Pharmacia). The same PCR product was double digested
with BamHI and Xbal (a natural site present in P2X,) for
subcloning in frame with maltose-binding protein (MBP) in
the prokaryotic expression vector pMAL-c2 (New England
Biolabs) for affinity purification purpose. The production of
GST-P2X, fusion protein was induced by 0.l mM
isopropyl-B-thiogalactopyranoside in culture and milli-
grams of the bacterial protein of 32,000 mol. wt were
purified directly on preparative sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). Excised
bands containing 0.2-0.5 mg of GST-P2X, were mixed with
Freund’s complete adjuvant to initiate a standard immuniz-
ation procedure in rabbits.'® A similar protocol of induction
was used to produce a 46,000 mol. wt MBP-P2X, fusion
protein that was separated on 12% SDS-PAGE. blotted and
dried on polyvinylidene difluoride (PVDF) membrane. Pro-
tein concentrations were estimated by comparison with
bovine serum albumin standards in Coomassie Blue stain-
ing. IgGs from positive sera pre-selected in western blots
were affinity-purified by solid-phase adsorption using MBP-
P2X; on PVDF strips. eluted under acidic conditions
{50 mM glycine buffer pH 2.5) prior to rapid neutralization
in 2 M Tris buffer pH 8.0 and followed by 16 h dialysis in
0.01 M phosphate buffer pH 7.4 containing 2% sucrose and
! mM EDTA.

Construction of epitope-tagged P2X receptor subunits

P2X, and P2X, receptor subunits were epitope-tagged
both to facilitate the localization of the two subunits in
heterologous expression systems and to validate the subunit
specificity of the immunoreactivity observed with anti-P2X,
polycilonal antibodies. The C-terminal Flag octapeptide
DYKDDDDK (IBI} was inserted in mutagenic PCR using
oligonucleotide primers designed for the replacement of the
natural stop codon of P2X, (anti-sense TCACTCGAGG
GAGGTCCTCATGTTCTCC) and P2X, subunits (anti-
sense TGACTCGAGGCGACACTGGTTCATCTC) by
an artificial Xhol site. Full-length mutant P2X subunits
cDNAs were amplified in PCR using Pfu polymerase
(Stratagene) then ligated in-frame to an Xhol-Xbal casseue
containing the Flag peptide followed by a Stop codon.™
before subcloning in the pcDNAI eukaryotic expression
vector (Invitrogen).

Heterolugous expression of homomeric P2X receptors in
HEK-293 cclls

For transfection of epitope-tagged and wild-type P2X
subunits in mammalian cells, HEK-293 (ATCC no.

CRLI1573) were grown in Dulbecco’s modified Eagle’s
medium—~10% heat-inactivated fetal bovine serum (Wisent.
St Bruno, Quebec) containing penicillin and streptomycin.
Freshly plated cells reaching 30-50% confluency were used
for tramsient transfection using the calcium phosphate
method on 90 mm dishes with 10 ug supercoiled plasmid
DNA/I0 cells. Heterologous expression of P2X receptor
subunits was assayed by immunofluorescence and western
blot at 36-48 h of post-transfection time.

[mnumo[ocali:aubn‘of P2X receptors in transfected HEK-
293 cells

After 24-36 h of post-transfection time, HEK-293 cells
were plated at 50-70% confluency in poly-lysine-coated
chambers. Four hours later, adherent cells were washed in
phosphate-buffered saline and fixed for 20 min at room
temperature with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 8.0. After blocking non-specific sites with 2%
normal goat serum (NGS), fixed cells were incubated
with affinity-purified and pre-adsorbed primary antibodies
P2X, (1 pg/mi) or M2 (1 ug/ml) anti-Flag peptide antibodies
overnight at 4°C in 0.05 M Tris-saline buffer pH 7.2 con-
taining 0.5% Triton X-100, 5% NGS and 5% dry milk
powder. Bound antibodies were detected by mmuno-
fluorescence after 1h incubation with fluorescein
isothiocyanate-labelled goat anti-rabbit (1 pg/ml) or
Texas Red-labelled goat anti-mouse (2 pg/ml) secondary
antibodies (InmunoResearch Labs).

Western blot of homogenates from transfected cells and rat
brain regions

Transfected HEK-293 cells were lifted in Hank’s modified
calcium-free medium with 20 mM EDTA, pelleted at low
speed and homogenized in 10 volumes of 10 mM HEPES
buffer pH 7.4 containing the protease inhibitors phenyl-
methylsulfony!fluoride (0.2 mM) and benzamidine (1 mM).
Lysates were pelieted at 14,000 g for 5 min to remove cell
debris before protein assay. Various brain regions (see
Fig. 4) were dissected from an adult rat and homogenized at
1:10 (w:v) in 20mM HEPES buffer pH 7.4 containing
0.32M sucrose, 0.83mM benzamidine, and 0.23mM
phenyimethyisulfonylfluoride using a polyuon. then
pelieted at 14,000 g for S min. Protein concentrations in
homogenates were determined using the method of Lowry
et al*’ as modified by Peterson®® and equal amounts of
protein (150 ug/lane) were run on 10-12% SDS-PAGE.
then transferred to nitroceilulose. Depending on the
sample, probing was performed with the following primary
antibodies: affinity-purified rabbit anti-P2X, antibodies
(2ug/ml) pre-adsorbed with MBP alone. affinity-
purified anti-P2X (2 pg/ml) pre-adsorbed with MBP-P2X,
{negative controls) or mouse mAb M2 (I pg/mi, IBI).
Appropriate secondary species-specific peroxidase-labelled
antibodies were used for visualization by enhanced
chemiluminescence (ECL, Amersham).

Immunocytochemistry in rat brain and spinal cord

Adult male Sprague-Dawley rats (140-180g, Charles
River. Canada) were deeply anaesthetized with sodium
pentobarbital (80 mg/kg, i.p.) and perfused transaortically
with 375 ml of 2% paraformaldehyde (light microscopy) or
with 75 ml of a mixture of 3.75% acrolein and 2% para-
formaldehyde followed by 300 ml of 2% paraformaldehyde
(for clectron microscopy) in 0.1 M phosphate buffer.
pH 7.4. Brains and spinal cords were dissected out and
postfixed for 1 h by immersion in the same fixative. For
light microscopic immunohistochemistry, they were then
cryoprotected for 48 h by immersion in a 30% sucrose
solution in 0.2 M phosphate buffer pH 7.4 at 4°C, frozen in
isopentane at —45°C, and sectioned at a thickness of 30 um
on a freezing microtome. Sections were rinsed in phosphate
buffer pH 7.4, and incubated for 30 min in 0.1 M Tris buffer
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LTFHNKNKL!SHKKFDKVRTPKHPSSRWPVTLALVLGQIPPPPSH(éB aa} PKGLAQL*

IYLIRKSEFYRDKKFEKVRGQKEDANVEVEANEMEQERP(S51 aa) ILHPVKT*

P2X, LYCMKKKYYYRDKKYKYVEDYEQGLSGEMNQ*

P2X, LEILPKREYYKQKKFKYAEDMGPGEGEEDPVATSSTLGLQENMRTS *

P2Xo

P2X3 LNFLKGADHYKARKFEEVTETTLKGTASTNPVFASDQATVEKQSTDSGAYS®*
P2X;

P2Xe LYVDREAGFYWRTKYEEARAPKATTNSA"

P2X~

CEPCAVNEYYYRKKCEPIVEPKPTLKYVSFVDEPHIWMVDQQLLGKSL (167 aa)SGPKYPY*

Fig. 1. Alignment of the C-terminal domains of rat P2X ATP-gated channel subunits. The P2X, domain

(amino acids 358-388) targeted for polyclonal anti-fusion protein antibodies production is compared with

the corresponding sequences in known members of the P2X gene family. P2X; channel subunit displays

the closest primary structure to P2X, in this region with 35% homology. Conserved residues in the same
relative position in all P2X channel subunits are indicated in bold.

saline, pH 7.4 (TBS) containing 0.03% H.O,. For electron
microscopic immunocytochemistry, the olfactory bulb,
cerebellum and cervical spinal cord were blocked off with a
razor blade and serially sectioned at 40 um thickness on
a vibrating microtome (Vibratome). Both frozen and
Vibratome sections were then incubated overnight at 4°C in
a solution containing 2% NGS, 5% dry milk powder, 0.2%
Triton X-100 and 20 pg/ml affinity-purified P2X, antibodies
pre-adsorbed with MBP. Negative control samples were
incubated with P2X, antibodies pre-adsorbed with MBP—
P2X, or with GST-P2X,, with pre-immune serum (1:1000),
or in the absence of primary antibedies. All sections were
then rinsed in TBS and processed using the avidin—
peroxidase-biotin staining method (ABC Elite, Vector
Labs). Briefly, they were incubated with 1:100 biotinylated
goat anti-rabbit and 1% NGS for 1 h followed by 1:100
avidin-peroxidase complex for an additional hour. Bound
peroxidase was visualized by immersion of the sections
in 0.0l M Tris buffer. pH 7.6. containing 0.05% 3.3"
diaminobenzidine (DAB), 0.04% rickel chloride and 0.0:%
H\O-. Frozen sections were then mounted on gelatin-coated
slides. dehydrated in graded ethanols, defatted in xylene
and coverslipped for light microscopic observation.’?
Vibratome-cut sections were postfixed in 2% OsO, in 0.1 M
phosphate buffer containing 7% dextrose, dehydrated in
graded ethanols and embedded in Epon between two
acetate sheets. They were then mounted at the tip of Epon
blocks and cut at 80 nm thickness on a Reichert uitra-
microtome. collected on Formvar-coated copper grids and
examined with a JEOL 100CX electron microscope.

RESULTS

Subunit specificity of antibodies directed against rar
P2X,

The subunit specificity of affinity-purified P2X,
antibodies was tested on HEK-293 cells transfected
with various members of the P2X receptor family.
Members of this gene family display low intersubunit
homology in the C-terminal domain chosen for the
production of P2X, antibodies (Fig. 1). Since the
primary structure of the P2X, subunit is the closest to
that of P2X, in this region, we expressed epitope-
tagged P2X, subunits in HEK-293 cells to challenge
the specificity of our P2X, antibodies. No immuno-
fluorescence was visible above background level in
permeabilized HEK-293 cells expressing Flag-tagged
P2X, (Fig. 2). Flag-tagged P2X, or the wild-type
subunits (data not shown).

In western blots of crude homogenates from trans-
fected cells, P2X, antibodies and anti-Flag mAb
M2 recognized the same major protein band of
57,000+3000 mol. wt (n=4) corresponding to Flag-
tagged P2X, monomers (Fig. 3). P2X, antibodies
detected a major protein band of 56,000 £ 3000 mol.
wt (n=4) corresponding to wild-type P2X, mono-
mers. In keeping with our immunofluorescence
results on whole cells, P2X antibodies did not bind
to homologous P2X; subunits in homogenates
(Fig. 3). An immunoreactive band of 100,000 mol. wt
was detectable in homogenates of HEK-293 cells
transfected with epitope-tagged P2X, receptors
(Fig. 3). This labelling, observed both with M2 and
P2ZX, antibodies, likely corresponds to multimers of
overexpressed P2X subunits.

In western blots of crude homogenates from
multiple regions of the adult rat brain, affinity-
purified P2X, antibodies labelled a single major band
of 57,000 3000 mol. wt (n=7) (Fig. 4) in concord-
ance with the size of P2X, subunits heterogously
expressed in HEK-293 cells. The labelling of a single
major band demonstrated the monospectficity of our
affinity-purified antibodies. P2X, immunoreactivity
was detectable in all brain regions examined. How-
ever, relative P2X, protein levels varied considerably
between areas: from very low expression in the
striatum to very high expression in the olfactory
bulb (Fig. 4).

Light microscopic localization of P2X, subunits in rat
brain and spinal cord

In rat brain sections, P2X, immunoreactivity
was detected with variable intensity throughout the
neuraxis. Incubation of control sections with either
preimmune serum or with purified serum pre-
absorbed with the carboxy-terminal fragment of
P2X, in MBP-P2X, markedly decreased or com-
pletely abolished the immunoreactivity in most re-
gions examined (Fig. 5). Only those regions in which
adsorption controls showed a marked decrease in
P2X, signal are considered below.
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P2x4-FL

Fig. 2. Subunit-specificity of anti-P2X antibodies in transfected HEK-293 cells. By immunofluorescence,

affinity-purified anti-P2X, antibodies detect the expression of Flag-tagged P2X, subunits (P2X,-FL) but

not that of homologous Flag-tagged P2X, subunits (P2X,-FL). As positive controls, both epitope-tagged
P2X, and P2X, channel subtypes are visualized with anti-Flag mAb M2.

The most intense P2X, immunoreactivity in rat
brain was detected in the glomerular layer of the
olfactory bulb (Figs 5A, 6A) and in the outer
layers of the nucleus of the spinal trigeminal tract
and dorsal horn of the spinal cord (Fig. 6B). In
both of these regions. the labelling was diffusely
distributed throughout the neuropil (Fig. 6A, B).
In all other brain areas, P2X, immunostaining
was confined to neuronal perikarya and proximal
dendrites.

Rostrally, intensely immunoreactive neurons were

observed in the mitral cell layer of the olfactory bulb
(Fig. 6A). Perikarya and proximal dendrites of tufted
cells in the external plexiform layer were much less
frequently and only weakly stained.

Moderately immunoreactive pyramidal cells were
detected throughout the cerebral cortex. These were
particularly numerous in layers II and III (Fig. 7A).
but were also scattered throughout layer V. There
were no consistent differences in labelling patterns
between different cytoarchitectonic areas.

Intensely P2X,-immunopositive neurons were
observed in the lateral septal nucleus (Fig. 7B. C).
These neurons showed granular staining of the peri-

karyon extending into proximal dendrites (Fig. 7B).
More medially, small, less intensely labelled cells
were visible on the midline, within the medial septal
nucleus (Fig. 7C). These labelled cells were co-
extensive ventrally with equaily moderately labelled
neurons in the vertical limb of the diagonal band of
Broca (Fig. 7C). In the caudate-putamen, sparse,
lightly immunoreactive spiny type II neurons
were visible, most prominently in the ventrolateral
segment. No immunoreactive cells were apparent in
the nucleus accumbens.

In the hippocampus, a subset of moderately to
densely stained neurons were detected throughout the
pyramidal layer of the CA1, CA2 and CA3 subfields.
As can be seen in Fig. 8, these labelled cells were most
numerous in CA2 and at the CA2/CA3 border, as
well as at the hilar extremity of CA3. Multiple
P2X-immunoreactive cells were also visible
within the granule cell layer of the dentate gyrus. In
addition, small, intensely labelled cells were dispersed
throughout the hilus as well as in strata oriens and
radiatum of the hippocampus.

The reticular, anterodorsal and ventrolateral
nuclei of the thalamus exhibited large numbers of
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P2x4-FL
P2x4-wt

antiP2x4 = Mr (k)

Fig. 3. Western blot of epitope-tagged and wild-type P2X, channels from homogenates of transieatly

transfected HEK-293 cells. Both mAb M2 and ant-P2X, antibodies detect Flag-tagged P2X, and

anti-P2X, antibodies recognize wild-type P2X, channel subunit (56,000+=3000 mol. wt). The same

amount of total proteins (150 pg) has been loaded in each lane. Each sample has been assayed by

immunofluorescence after expression with appropriate antibodies for checking the efficiency of the
- transfection.

WB BS CB ST

moderately immunocreactive nerve cell bodies over
relatively high non-specific background labelling.

In the hypothalamus, weakly immunoreactive nerve
cell bodies were apparent within the anterior hypo-
thalamic and suprachiasmatic nuclei. In the former,

Mr (k)
— 66

— 45

— 36

HP OB CX

Fig. 4. Western blot of rat brain homogenates from microdissected regions using affinity-purified

anti-P2X, antibodies. The single major band detected displays a mol. wt of 57,000 3000 corresponding

to P2X, monomers in all regions examined. The same amount of total proteins (150 pg) has been loaded

in cach lane. WB, whole brain: BS, brain stem; CB, cerebellum; ST, striatum; HP, hippocampus:
OB, olfactory bulb; CX, cerebral cortex.

P2X ,-immunoreactive cells were sparse and mainly
distributed in the lateral segment of the nucleus. In
the latter, P2X immunorcactive perikarya were
more numerous, more intensely immunoreactive, and
uniformly distributed throughout the nucleus.
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Fig. 5. P2X, immunoreactivity in rat olfactory bulb before (A) and after (B) pre-adsorption of

affinitv-purified primary antibodies with an excess of antigen. Immunolabelling in the oifactory nerve layer

(ON), glomerular layer (Gl) and mitral cells layer (Mtr) (A) is abolished in sections incubated with
pre-adsorbed antibodies (B). Scale bar=500 um.

Within the brainstem, only a few nuclei showed

significant immuno-adsorbable cellular staining.
These include the dorsal tegmental and dorsal raphe
nuclei of the midbrain and the main sensory nucleus
of the trigeminal nerve. Moderate, highly punctate
perikaryal staining was also observed in the substan-
tia gelatinosa of the nucleus of the spinal trigeminal
tract (nucleus caudalis) and dorsal horn of the spinal
cord. These immunolabelled cells often poorly stood
out against the intense neuropil staining in their
surround (Fig. 6B).

In the cerebellar cortex. Purkinje cells were consist-
ently heavily labelled (Fig. 9A). The immunostaining
was most pronounced at the level of their perikarya,
where at high magnification it took the form of small
intracytoplasmic puncta, but was also observed,
albeit more weakly, throughout their dendritic tree
(Fig. 9A). Only sparse, weakly immunoreactive
neurons. presumably Golgi cells from their size and
localization, were detected in the granule cell layer.

Finaily, central non-neuronal cells including

leptomeningeal cells of the pia mater (Fig. 9B),"

perivascular cells and some endothelial cells of intra-
parenchymal blood vessels showed intense P2X,
immunoreactivity.

Electron microscopic localization of P2X subunits in
the olfactory bulb, cervical spinal cord and cerebellum

In olfactory bulb glomeruli, P2X, immuno-
reactivity was evident within both dendrites (not
shown) and axon terminals (Fig. 10A). In both
structures. the labelling was diffusely distributed
throughout the cytoplasm and heavily deposited over
synaptic specializations (Fig. 10B). In layers [ and II

of the dorsal horn of the spinal cord, P2X, immuno-
reactivity was detected within neuronal perikarya.
dendrites and axon termimals. In perikarya and
dendrites, the reaction product was mainly absorbed
on the outer surface of mitochondria, microtubules
and various vesicular clements (Fig. 10C, D). Heavy
DAB deposits were also visible along the plasma
membrane, predominently at the level of synaptic
Jjunctions (Fig. 10C). In axon terminals, the reaction
product was present throughout the cytoplasm and
heavily concentrated on the membrane of synaptic
vesicies and over synaptic densities (Fig. 10E, F).

In cerebeliar cortex, P2X, immunolabelling was
mainly evident over the perikarya and dendrites of
Purkinje cells (Fig. 11). In both of these structures,
heavy chromogen deposits were apparent along the
plasma membrane (Fig. 11B, C) as well as over the
membranes of a variety of intracellular organelles
including cisterns of rough endoplasmic reticulum
(Fig. 11A, C), Golgi saccules and vesicles (Fig. 11A)
and mitochondria (Fig: 11A, B). In some instances.
plaques of heavy DAB deposits were visible over
clusters of endoplasmic reticulum cisternae and Golgi
saccules (Fig. 11A) which likely accounted for the
intracytoplasmic granularity observed in the light
microscope.

DISCUSSION

Affinity-purified P2X, antibodies detect wild-type
P2X, channel subunits migrating at a mol. wt of
56—57,000 both in heterologous systems and in adult
rat brain. The significant difference between the pre-
dicted mol. wt of non-glycosylated P2X, subunit
(44.000) and the observed mol. wt strongly suggests
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Fig. 6. Distribution of P2X, immunoreactivity in the oifactery bulb (A) and dorsal hom of the spinal cord
(B). (A) Labelling in the olfactory bulb is concentrated over the olfactory nerve layer (ON), glomerular
layer (Gl) and individual mitral cells (Mtr). Note that individual glomeruli are not equally densely
immunoreactive. and that weakly [abelled cells are apparent in the external plexiform layer (EP1). Scale
bar=60 pm. (B) P2X, immunoreactivity in the dorsal hom is concentrated over the outer marginal layer
(I) and substantia gelatinosa (II). Only weak labelling is detected over layer [II. Scale bar=120 um.

that the protein is N-glycosylated on several of the six
potential glycosylation sites found in the presumed
extracellular domain of rat P2X,. A post-
transiational modification of similar magnitude has
been previously reported for the rat P2X, subunit.'°

The assessment of the subunit-specificity of our
polyclonal P2X, antibodies rests on convergent struc-
tural, biochemical and anatomical data. From a
structural point of view. each member of the P2X
receptor family has a unique C-terminal domain. A
high degree of divergence is observed in this domain
even between subunits that have similar functional
properties in the homomeric form. As neither P2X,

transcripts'® nor P2X, subunits*? are detected in the
adult rat brain, the most likely candidate for cross-
reactivity would have been the P2X, subunit which,
like P2X,, is widely expressed in the CNS.'® How-
ever, P2X, displays a short C-terminal domain that
does not share any related sequence with P2X,,
making it unlikely to account for the observed
immunoreactivity. The immunolabelling of a single
major band of the expected size in homogenates from
brain regions demonstrates that the set of epitopes
recognized by anti-P2X, antibodies in the C-terminal
domain of these ATP-gated channels is unique
in the mammalian CNS. Furthermore, the regional
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* Fig. 7. Distribution of P2X, receptor subunits in the piriform cortex (A), lateral septum (B) and basal
forebrain (C). (A) Moderately to densely labelled pyramidal cells are apparent throughout tayers II-III.
Scale bar=200 um. (B) Higher magnification of the framed area in C. Note the heterogeneity of the
perikaryal labelling. LV, Lateral ventricle. Scale bar=75 ym. (C) P2X -immunoreactive cells are vis-
ible throughout the lateral septum (LS), medium septum (MS) and diagonal band of Broca (DBB).

CPu, caudate putamen; ac, anterior commissure. Scale bar=500 pm.

distribution of P2X, immunoreactivity in rat brain

conforms to the results of earlier in situ hybridiz-’

ation studies,>*'%>7 confirming the specificity of
the signal.

The selective distribution of P2X, immuno-
reactivity observed here in the rat CNS is also in
good qualitative and quantitative agreement with the
results of autoradiography using radiolabeiled [*Hja-
B-methylene ATP.'>*® However P2X, and P2X4
subunits generate homomeric receptors insensitive to
a-f-methylene ATP. Therefore, the correlation be-
tween the P2X, immunostaining reported here and
previous radioligand binding results implies two non-
exclusive possibilities: (a) a-f-methylene ATP binds
with high-affinity to P2X, and P2X, homomeric

receptors but is not an agonist because its bindling site
is not coupled to channel gating; (b) an unidentified
central subunit with a similar widespread xegional
distribution confers a-f-methylene ATP bind.ing and
sensitivity to heteromeric channels containimg P2X,
and/or P2X subunits.

The most intense P2X, expression in the rat brain
was detected in the glomeruli of the olfactory bulb
and in the dorsal horn of the spinal cord, two regions
in which the immunostaining pervaded the entire
neuropil. In olfactory bulb glomeruli, the labelling
was found by electron microscopy to be associated
with both axonal and dendritic processes. In view
of the strong labelling of primary afferent axons
observed in the olfactory nerve layer by light
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Fig. 8. Inmunolocalization of P2X receptor subunits in hippocampus. Immunolabelled cells are scattered

throughout CA I, CA2 and CA3 subfields of the hippocampus, as well as within the granule cell layer (gc)

and hilus (hi) of the dentate gyrus. In the hippocampus, P2X ,-immunoreactive cells are mainly found in

the pyramidal cell layer (py), of which they nogetheless constitute a subpopulation of interneurons and

small pyramidal cells (Insert: arrows). Only sparse immunolabelled cells are cvident in strata oriens (or)
and radiatum (ra). Scale bar=300 um. In insert=50 ym.

microscopy, axonal P2X, immunoreactivity is likely
to be mainly associated with primary afferents in the
glomeruli. Labelled dendrites presumably belong to
either mitral or tufted cells, as both of these have
been shown to extend their dendrites within
glomeruli.'>** This interpretation conforms to the
recent demonstration of P2X, mRNA within these
two cell types by in situ hybridization.®

In the spinal cord, intense P2X, immunoreactivity
was observed by electron and/or light microscopy
over neuronal perikarya and axon terminals in the
marginal layer and in the substantia gelatinosa of the
spinal cord and nucleus caudalis, two areas involved
in pain information processing where ATP has been
previously shown to modulate synaptic transmis-
sion.?® Whether the axonal P2X, subunits visualized
here by immunohistochemistry are located on pri-
mary sensory afferent fibres or are part of local
circuits remains to be established. The detection of
P2X, subunit mRNA in sensory neurons of dorsal
root ganglia®® supports the former possibility.

In ail other regions of the rat brain, P2X,
immunoreactivity was associated with neuronal
perikarya and proximal dendrites, thereby account-
ing for the good correlation with in sizu hybridization

data. Within P2X -immunoreactive cells, the buik of
the immunostaining was consistently intracellular, in
the form of small intracytoplasmic *“hot spots™. Such
2 high proportion of intracellular receptors has been
reported for other types of neuronal transmitter-
gated channels, including nicotinic acetylcholine
receptors'® and glutamate-gated channels.® Electron
microscopic observations confirmed the hetero-
geneity of P2X, intracytoplasmic labelling and
showed that these “hot spots™ correspond to stacks
of rough endoplasmic reticulum cisterns and to con-
gregated Golgi saccules and vesicles, i.e. to putative
sites of synthesis, storage and transport of the ATP
receptors.

Dense chromogen deposits were also observed
along the outer mitochondrial membrane and micro-
tubules of labelled perikarya and dendrites, as well as
over membranes of synaptic vesicles within labelled
axon terminals. The interpretation of these labelling
patterns shouid be subject to caution, however, given
the reported limitations in the subcellular resolution
of DAB cytochemistry.®

A major finding of the present ultrastructural
investigation is that P2X, is associated both with
intraneuronal perikarya/dendrites and with axon
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Fig. 9. Distribution of P2X, immunoreactivity in cerebellar cortex (A) and pia mater (B). (A) In cerebellar

cortex. Purkinje cells (PL) are intensely immunoreactive. Partial filling of their dendritic tree is akso evident

in the molecular layer (ML: arrows). Only sparse, weakly labelled cells are apparent in the granule cell

* layer (GL). Scale bar=120 um. (B) In the pia mater, leptomeningeal cells are intensely positive for P2X,
immunoreactivity. Scale bar=40 ym.

terminals. indicating that they mediate both post-
and pre-synaptic ATP signalling. In the olfactory
bulb and dorsal horn of the spinal cord, this double

localization suggests that fast purinergic transmission’

is involved in both pre- and postsynaptic reguiation
of olfactory and nociceptive sensory pathways,
an interpretation strengthened by the presynaptic
localization of P2X, and P2X, subtypes in the same
areas.* This argues strongly in favour of ATP play-
ing a specific modulatory role in sensory information
processing through heteromeric P2X,-containing
ionotropic receptors.

In other brain areas studied. such as the hippo-
campus and cerebellar cortex. it appears that ATP
mainly plays a postsynaptic neurotransmitter role
through P2X,-containing receptors. In the hippo-
campus. the highest levels of P2X, immunoreactivity

were detected in the pyramidal layer of all CA
subfields as well as in granule cells of the dentate
gyrus. ATP-induced currents mediated by homo-
meric P2X, receptors are potentiated by extra-
cellular zinc.>”-® This potentiation of fast purinergic
responses by zinc, recorded in various prepara-
tions,>2>** is a general property of neuronal ATP-
gated channels. The hippocampal mossy fibres that
synapse on CA3 pyramidal cells contain the highest
concentration of releasable zinc in the brain.!! There-
fore, in contrast to the receptors expressed in CA2
where pyramidal celis are not comtacted by mossy
fibres, the activity of P2X,-containing ATP-gated
channels localized on the dendrites of CA3 pyramidal
cells and/or interneurons could be regulated by
synaptic zinc, the dysfunction of which may have
pathological consequences.”™’

—— . -
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Fig. 10. Fine structural distribution of P2X, immunoreactivity in olfactory bulb glomeruli (A, B) and
substantia gelatinosa of the spinal cord (C-E). (A) Numerous P2X,-immunoreactive axon terminals
(arrows) are seen to synapse on immunonegative dendritic trunks (Den). (B) P2X,-immunoreactive axon
terminals in synaptic contact with a dendritic branch (Den). Note the heavy chromogen deposits on the
membrane of synaptic vesicles as well as at the level of the synaptic specialization (arrowheads). (C, D)
P2X;-immunoreactive dendrites (Den) in the substantia gelatinosa of the spinal cord. Dense DAB deposits
are apparent at the level of synaptic junctions (arrowheads) as well as over microtubules and the outer
membrane of mitochondria. (E. F) P2X,-immunoreactive axon terminais in the substantia gefatinosa.
Both terminals show diffuse labelling of their cytoplasm and are seen in asymmetrical synaptic contact
(arrows) with unlabelied dendrites (Den). Scafe bars=0.5 pm.
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Fig. 11. Electron microscopic localization of P2X, immunoreactivity in cerebellar cortex. (A-C) P2X,-
immunoreactive Purkinje cell perikarya. (A) Plaques of dense chromogen deposits are apparent over cisterns
of smooth endoplasmic reticulum (thin arrows) and stacks of Golgi saccules (thick arrows). (B) P2X,
fmmunoreactivity is evident (arrowheads) as well as on the outer membrane of mitochondria (arrows).
(C) P2X -immunoreactive deposits on cisterns of rough endoplasmic reticulum. Scale bars=0.5 pm.

The cerebellar cortex is the central structure which
shows the highest level of P2X, subunit expression by
in situ hybridization.5-37-*® We demounstrate here that
P2X, receptors are associated with both the peri-
karyal and dendritic membranes of Purkinje cells.
The main sources of direct excitatory input to the
Purkinje cells are the parallel fibres from granule cells
and the climbing fibres from the inferior olivary

complex.?! Thus, our results suggest that ATP may.

be co-released with excitatory amino acids to control
the firing activity of Purkinje cells.

The significant levels of P2X, receptor expression
observed in subpopulations of leptomeningeal cells
of the pia mater and perivascular cells suggest an
unexpected role for extracellular ATP as a signal-
ling molecule in various vascular-related non-
excitable celis through the activation of ionotropic
receptors.

CONCLUSION

Fast purinergic currents recorded in response to
the activation of P2X channels display a significant
primary calcium component due to their high per-
meability to divalent cations.>>® Qur ultrastructural
data on the presynaptic expression of P2X, channel
subunit indicate that, by increasing intracellular
calcium, P2X —containing ATP receptors may selec-
tively control excitatory synaptic transmission in
central sensory systems like the olfactory bulb and
the substantia gelatinosa of spinal cord.
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Central P2X, and P2X; Channel Subunits Coassemble into a Novel

Heteromeric ATP Receptor

Khanh-Tuoc L&, Kazimierz Babinski, and Philippe Séguéla
Cell Biology of Excitable Tissue Group, Montreal Neurological Institute, McGill Unfversity, Montreal,

Quebec, Canada H3A 28B4

lonotropic ATP receptors are widely expressed in mammalian
CNS. Despite extensive functional characterization of neuronal
homomeric P2X receptors in heterologous expression systems,
the subunit composition of native central P2X ATP-gated chan-
nels remains to be elucidated. P2X,; and P2Xg are major central
subunits with highly overlapping mRNA distribution at both
regional and cellular levels. When expressed alone in Xenopus
oocytes, P2X; subunits do not assemble into surface receptors
responsive to ATP applications. On the other hand, P2X, sub-
units assemble into bona fide ATP-gated channels, slowly de-
sensitizing and weakly sensitive to the partial agonist «,B-
methylene ATP and to noncompetitive antagonists suramin and
pyridoxal-5-phosphate-6-azophenyl-2’,4’-disulfonic acid. We
demonstrate here that the coexpression of P2X, and P2Xg
subunits in Xenopus oocytes leads to the generation of a novel

pharmacological phenotype of ionotropic ATP receptors. Het-
eromeric P2X,.s receptors are activated by low-micromolar
a,B-methylene ATP (EC5, = 12 um) and are blocked by suramin
and by Reactive Biue 2, which has the property, at low con-
centrations, to potentiate homomeric P2X, receptors. The as-
sembly of P2X,; with P2X; subunits results from subunit-
dependent interactions, as shown by their specific
copurification from HEK-293 celis transiently transfected with
various epitope-tagged P2X channel subunits. Our data
strongly suggest that the numerous cases of neuronal colocal-
izations of P2X, and P2X; subunits cbserved in mammalian
CNS reflect the native expression of heteromeric P2X,,  chan-
nels with unique functional properties.

Key words: purinoceptor; nucleotide; transmitter-gated cat-
ion channel; o, methylene ATP; suramin; PPADS

Fast purinergic neurotransmission is mediated by nonselective
cation channels gated by extracellular ATP. These transduction
proteins, designated P2X receptors, constitute a distinct class of
neurotransmitter-gated channels on the basis of their primary
cDNA sequences and their predicted transmembrane protein
topology. Currently, seven mammalian P2X genes have been
identified with either expression or homology cloning assays
(Buell et al., 1996). Among the neuronal P2X receptors, only
P2X, and P2X, isoforms are predominantly expressed in the
adult rat brain in which they show an overlapping pattern of
regional and cellular distribution at the mRNA level (Collo et al.,
1996). Homomeric rat P2X, receptors expressed in HEK-293A
cells or Xenopus laevis oocytes and homomeric P2X, receptors
silent in oocytes (Soto et al., 1996) but functional in HEK-293A
cells (Collo et al., 1996) are weakly responsive to o,S-methylene
ATP («fpmATP) and to P2 antagonists suramin and pyridoxal-5-
phosphate-6-azophenyl-2‘,4'-disulfonic acid (PPADS) (North
and Barnard, 1997). Yet, native ionotropic purinergic responses
from rat medial habenula, cerebellum, and hippocampus were
blocked by P2 antagonists, and most native ATP receptors are
activated by «aBmATP (Edwards et al., 1992; Mateo et al., 1998;
Ross et al., 1998). Moreover, high-affinity [°H]aSmATP autora-
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diographic binding sites have been localized in specific but wide-
spread regions within the brain and spinal cord (Bo and Burn-
stock, 1994; Michel and Humphrey, 1994; Balcar et al, 1995).
Discrepancies between pharmacological profiles of heterolo-
gously expressed homo-oligomeric P2X subunits and electrophys-
tological recordings from neuronal preparations likely refiect the
existence of native heteromeric phenotypes of P2X receptors in
peripheral nervous system as well as the CNS. Indeed, one such
hybrid P2X phenoty pe was recorded in sensory neurons (Khakh
et al,, 1995; Lewis et al., 1995) and has been proposed to result
from the association between coexpressed P2X, and P2X; sub-
units (Chen et al., 1995; Lewis et al., 1995; Radford et al., 1997).
We describe in this report 2 novel P2X heteromeric receptor
containing central P2X, and P2X; subunits. This phenotype of
ATP-gated channe! is endowed with a unique pharmacology
characterized by increased sensitivitiess to aSmATP,
2-methylthio-ATP (2MeSATP), suramin, PPADS, and Reactive
Biue 2 (RB-2) in Xenopus oocytes.

MATERIALS AND METHODS

Molecular biology. Wikd-type full-length P2X subunit cDNA was ob-
tained by RT-PCR using adult rat spinal cord RT-cDNA template,
Expand DNA polymerase (Bochringer Mannheim, Indianapolis, IN),
and exact match primexs based on published primary sequences (Collo et
al., 1996; Soto et al., 1996). Construction of P2X;-Flag and P2X,-Flag
was reported previously (Lé et al., 1998). To generate epitope-tagged
P2X,-Flag and P2X,-(His)s subunits, an Xhol-Xbal cassctte containing
an in-frame His, epitope followed by an artificial stop codon was grafted
to the full-length HindIII-XhoI P2X, construct. The P2X,-(His)4 mutant
was then subcloned directionally into the HindIII and Xbal sites of
pcDNALT vector (Invitrogen, San Diego, CA) for cytomegalovirus-driven
heterologous expression in mammalian cells and Xenopus laevis oocytes.
Epitope-tagged and RT-PCR constructs were subjected to dideoxy
sequencing either manually with Sequenase (Upstate Biotechnology,
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Lake !;};)cid, NY) or with an ALF DNA sequencer (Pharmacia, Piscat-
away, NIT).

Cell culture and protein chemistry. For cDNA transfections of epitope-
tagged and wild-type P2X subunits into mammalian cells, HEK-293A
cells (CRL 1573; American Type Culture Collection, Rockville, MD)
were cultured in DMEM and 10% heat-inactivated fetal bovine serum
(FBS) (Wisent, St-Bruno, Quebec, Canada) containing penicillin and
streptomycin. Freshly plated cells reaching 30-50% confluency were
used for transient cDNA transfections with the calcium phosphate
method on 90 mm cell culture dishes (Falcon) with 10 ug of supercoiled
plasmid cDNA/10° cells (L& et al., 1998). For Western blots, transfected
HEK-293A cells were lifted in Hank’s modified calcium-free medium
with 20 mm EDTA, pelleted at low centrifugation, and homogenized in
10 volumes of 10 mm HEPES buffer, pH 7.4, containing protease inhib-
itors phenylmethylsulfony! fluoride (0.2 mm) and benzamidine (1 mM).
Cell lysates were pelleted at 14,000 X g for 5 min, and membrane
proteins in supernatants were solubilized with SDS-containing loading
buffer. Approximately 150 ug of protein/lane were run on 12% SDS-
PAGE and then transferred to nitrocellulose. Immunoprobing was per-
formed with mouse mAb M2 (1 ug/ml, IBI) followed by peroxidase-
labeled anti-mouse secondary antibodies for visualization by enhanced
chemijluminescence (Amersham, Oakville, Ontario, Canada). Copurifi-
cation of associated P2X subunits was performed as previously described
for IRK channels (Tinker et al, 1996) with minor modifications. Cell
lysates were solubilized with 5% Triton X-~100 for 2 hr at 4°C. Unsolu-
bilized materials were pelieted at 10,000 X g, and supernatants were
incubated with 50 ul of 50% slurry of equilibrated Ni-N TA-Resin (Qia-
gen, Hilden, Germany) for 2 hr at 4°C. Nickel beads were then washed six
times in TBS containing 25 mM imidazole and 1% Triton X-100. Bound
proteins were eluted from Ni-NTA resin with 500 mM imidazole, diluted
1:1 (v/v) with SDS-containing loading buffer, and warmed for 10 min at
37°C. Samples were then loaded onto a 12% SDS-PAGE, transferred to
nitrocellulose, and analyzed in Western blot using chemiluminescence as
above.

Electrophysiology. For electrophysiological recordings in oocytes, ovary
lobes were surgically removed from Xenopus laevis frogs anesthetized
with Tricaine (Sigma, St. Louis, MO) and treated for 3 hr at room
temperature with type II collagenase (Life Technologies, Gaithersburg,
MD) in calcium-free Barth’s solution under vigorous agitations. Stage
V-VI oocytes were then defolliculated chemically before nuclear micro-
injections of 5-10 ng of cDNA coding for each P2X channel subunit.
After 2-5 d of incubation at 19°C in Barth’s solution containing 1.8 mM
calcium chloride (CaCl,) and 10 pg/ml gentamicin, P2X currents were
recorded in a two-electrode voltage-clamp configuration using an OC-
725B amplifier (Warner Institute). Signals were low-pass-filtered at 1
kHz, acquired at 500 Hz using a Macintosh IIci equipped with an
NB-MIO-16XL analog-to-digital card (National Instruments). Traces
were postfiltered at 100 Hz in Axograph (Axon Instruments). Agonists,
antagonists, and cofactors (zinc chloride, pH 6.5 and 8.0) were dissolved
in Ringer’s solution contatning (in mm): 115 NaCl, 2.5 KCI, and 1.8
CaCl, in 10 HEPES, pH 7.4 standard at room temperature, and applied
on oocytes at a constant flow rate of 12 ml/min. Dose-response curves
and EC,; values were derived from fittings for the sigmoidal equation of
Hill using Prism 2.0 software (Graphpad Software, San Diego, CA).

Statistical analysis. All comparisons involving two variances were per-
formed with Fisher’s F values (variance homogeneity requirements) and
with Student’s ¢ tests for two unpaired groups. Two-tailed statistical thresh-
olds, for both Fisher’s F and Student’s ¢ critical values, were set at p < 0.05.

RESULTS

Functional impact of P2X; subunit expression on
ATP-induced currents

In response to 100 um ATP, Xenopus oocytes microinjected with
a mix of P2X, and P2X; cDNAs (1:1 molar ratio) gave rise to
currents with kinetic profiles similar to those observed with
oocytes expressing P2X, alone (Fig. 1.4). P2X by itself appeared
to be silent in Xenopus oocytes, because no current was detected
during ATP applications (Fig. 14), in agreement with what has
been reported previously (Soto et al., 1996). Comparison of peak
current amplitudes after 3 d of expression revealed, however, that
currents from cells coexpressing P2X, and P2X4 subunits were
reproducibly and significantly smaller than currents from cells
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expressing only P2X, receptors (Fig. 14, B), suggesting the pos-
sibility that the P2X, channel subunit can heteropolymerize with
other members of the PZX family. We coexpressed P2X, together
with P2X, (Valera et al., 1994) or with P2X, (Brake et al., 1994).
In response to 100 pum ATP, there were no differences between
peak currents recorded from oocytes coexpressing P2X; and
P2X, and those expressing P2X, alone (Fig. 1C) after 3 d of
expression. Similarly, we did not observe any functional impact of
P2X on the expression of P2X, under the same experimental
conditions (Fig. 1D), eliminating the possibility of a general
inhibitory effect of P2X, on protein synthesis or on translocation.
Thus these data indicate either that the subunit-specific interac-
tion between P2X, and P2X, isoforms generates a heteromeric
P2X, . c receptor, or that P2X, subunits exert a specific inhibitory
function on P2X, receptor expression. If P2X, . ; heteromers are
expressed, smaller peak currents could result from a lower affinity
for ATP or a smaller single conductance in comparison with
homomeric P2X, channels. Alternatively, smaller ATP responses
at day 3 could simply reflect a sléwer kinetics of receptor expression.

To further characterize a time-dependent effect, we studied the
time course of expression, daily recording peak currents in re-
sponse to 100 uMm ATP from oocytes expressing either P2X, and
P2X, cDNASs or P2X, cDNA alone. Figure 2 demonstrates that
ATP receptors in oocytes coexpressing P2X,; and P2X subunits,
compared with P2X, alone, needed a longer time to reach the
same levels of ATP-induced currents. However, between days 2
and 5 after injection, there was a dramatic sevenfold increase in
peak current amplitudes in oocytes coexpressing P2X, and P2Xg
subunits (Fig. 24). This profile is in striking contrast with the
time course of P2X, expression that slowly decayed over the same
period (Fig. 2B).

Agonist sensitivity profile of P2X,.¢

heteromeric receptors

No significant difference was detected between the EC,, values
derived from ATP dose—response profiles of P2X, .4 (6.3 = 09
uM) channel phenotype and homomeric P2X,; (42 = 1.1 um)
receptors (Fig. 34) expressed in oocytes. However, the partial
agonist 2MeSATP had EC,, values of 7.67 = 1.01 and 26 * 1.8
am for P2X,, s and P2X, receptors, respectively, a statistically
significant difference (Fig. 3B). Even more striking, in response to
100 uM aBmMATP on day 3 after injection, oocytes expressing
P2X, . heteromeric channels gave rise to peak current ampli-
tudes of 0.7 = 0.13 uA compared with 0.12 = 0.02 A only from
oocytes expressing P2X, homomeric receptors, in marked con-
trast with the situation observed in response tc ATP (compare
Figs. 4A, 1B). The apmATP EC,, values were found to be 12 =
2 um for P2X, ¢ and 55 = 2 uMm for P2X, channel phenotypes
(Fig. 4B). Therefore, aBmATP shows more potency and has a
higher affinity on P2X, ., receptors than on P2X, receptors.
These different sensitivities to 2MeSATP and afmATP consti-
tute more experimental evidence for a functional- association
between P2X; and P2X; subunits coexpressed in Xenopus
oocytes.

Sensitivity of P2X,, ¢ receptors to suramin, PPADS,

and RB-2

It is widely recognized that neither P2X, nor P2X, homomeric
receptors (in HEK-293 cells) are completely blocked by suramin
or PPADS up to 100 M without preincubation (Buell et al., 1996;
Collo et al., 1996). In response to 100 uM ATP and 10 uM suramin
coapplications without preincubation, oocytes expressing P2X, . ¢
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Representative heteromeric P2X,, s channel current phenotype at day 3. 4, ATP-induced currents after heterologous cxpression of P2X,,

P2X,, and P2X, + P2X (1:1 molar ratio) subunits recorded 3 d after corresponding cDNA nuclear microinjections in Xenopus oocytes. Arrows indicate
beginnings of ATP applications (10 sec). B, P2X-dependent functional impact of P2X,; on ATP-induced response (P2X, expressed alone; Ix, 5 ng of
cDNA; 2x, 10 ng). C, P2X, receptor (P2X,; Ix, 5 ng; 2x, 10 ng) functional expression is unaffected by coexpressed P2X; subunits. D, P2X,-mediated
(P2X;; Ix, 5 ng; 2x, 10 ng) ATP-induced peak current amplitudes are unchanged in the presence of P2X subunits. (Averages + SEM from 3 to 15 cocytes
in 2~4 independent experiments; double asterisks denote significant difference; p < 0.01).

gave rise to residual currents of 61 * 3% (Fig. 5) of the response
to 100 uM ATP (100%). Under the same experimental conditions,
oacytes expressing P2X, receptors alone were almost unaffected
(93 * 3%; Fig. 5). We have also found that 10 um PPADS
coapplied with 100 um ATP gave rise to peak current amplitudes
of 83 = 7 and 103 % 6% for P2X,,¢ and P2X, receptor pheno-
types, respectively (Fig. 5B), but we did not find any significant
difference between this 17% inhibition on P2X, ., and no effect
on P2X,. We have also investigated the effects of RB-2 by coap-
plying 10 uM of the antagonist with 100 um ATP: oocytes ex-
pressing P2X, , ; receptor phenotypes were characterized by re-
sidual peak currents of 60 * 9% compared with potentiated peak
currents of 123 = 18% from oocytes expressing P2X, receptors
alone (Fig. 54). Preincubation of the cell with antagonist during
1 min before coapplication with ATP resuited in even more
dramatic phenotypical differences between P2X, and P2X, , ¢ for
suramin (23% blockade vs 41%) and PPADS (19% blockade vs

38%) (Fig. 5B). Furthermore, in conditions of preincubation, 10
wuM RB-2 blocked P2X, ,  heteromeric channels by up to 26% but
increased P2X, response by >45% (Fig. 5B). A potentiating effect
of RB-2 on P2X, homomeric receptors has been reported in
oocytes, albeit to a smaller extent (Bo et al., 1995).

Sensitivity of P2X,, ¢ receptors to coagonists zinc ions
and protons

We have reported previously that 10 um extracellular zinc ions
coapplied with 10 um ATP potentiated P2X, peak currents by
almost twofold (Séguéla et al., 1996). In addition, it has also been
shown that the sensitivity to ATP of homomeric P2X, channels is
modulated by external pH: pH <7 inhibits ATP responses,
whereas pH >8 has no significant effects (Stoop et al., 1997).
Therefore, we checked whether these coagonists applied with
ATP could discriminate between P2X,. . and P2X, receptor
phenotypes. In response to 10 uM zinc ions and 10 um ATP
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coapplications, there were no significant differences between po-
tentiating factors of 1.8 = 0.19 and 1.8 * 021 for P2X, ¢
heteromeric channels and P2X, homomeric receptors, respec-
tively (Fig. 64). There was also no significant difference between
these two receptor phenotypes with respect to ATP (20 um)
applied at pH 6.5. In both cases, residual peak current amplitudes
were 46 * 4% of control values measured at pH 7.4 (Fig. 6B).
When 20 uM ATP was applied at pH 8.0, it elicited peak currents
of 121 * 4 and 106 * 4% for P2X, ¢ heteromers and P2X,
homomers, respectively (Fig. 6C). Thus, contrary to «SmATP,
2MeSATP, and antagonists suramin, PPADS, and RB-2, cofac-
tors zinc and protons did not discriminate between P2X, , ; and
P2X, receptors on a pharmacological basis.

Subunit-specific association of P2X, with P2X; subunits

Before testing their biochemical interaction, the expression of
Flag-tagged P2X,, P2X,, and P2X, subunit proteins in tran-
siently transfected HEK-293A cells was confirmed by immuno-
blot of total membrane proteins (Fig. 74, lanes 1-6). Homoge-
nates from HEK-293A cells transiently cotransfected with cDNA
templates encoding P2X,-(His)s and either P2X;-Flag, P2X,-
Flag, or P2X,-Flag constructs were analyzed for copurification.
After solid-phase binding of P2X,-(His)s proteins on poly His-
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Figure 2. A, Potentiation of ATP response represented
by P2X,. ¢ channel current phenotype at day 5. Arrows
indicate beginnings of ATP applications (10 sec). B,
Time course of heteromeric P2X, ¢ expression. Kinetics
of appearance of functional ATP receptors on plasma
membranes is strikingly different in cocytes coinjected
with P2X, and P2X, subunits compared with those in-
jected with P2X, subunits (averages = SEM from 3 to 15
oocytes in 2-8 independent experiments).

binding resin, we detected the coprecipitation of P2X,-Flag sub-
units, confirming that P2X, subunits interacted between them-
selves to generate a homomultimeric complex (positive controls,
Fig. 7B, lane 1). Coexpression of P2X;-(His)s with P2X,-Flag
subunits gave a positive band corresponding to the expected size
of P2X, (51 kDa; Fig. 7B, lane 3), demonstrating directly for the
first time that P2X, and P2X,, subunits do physically interact in a
multimeric complex. Coexpression of P2X,-(His), with P2X;-
Flag subunits did not give any signal when probed with anti-Flag
M2 antibodies after purification, confirming that P2X, and P2X,
subunits do not heteropolymerize (Fig. 7B, lane 5). All control
coexpressions including wild-type P2X, (lacking the poly-His
motif) cotransfected with Flag-tagged P2X,, P2X, or P2X, sub-
units were negative after purification on poly His-binding resin
(Fig. 7B, lanes 2, 4, 6).

DISCUSSION

Functional identification of P2X,. ¢

heteromeric receptors

In the present study, we first observed an apparent inhibition of
P2X, subunits on ATP-induced currents in oocytes expressing
P2X, subunits (Fig. 1 B). However, neither ATP-induced currents
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Figure 3. Sensitivity of P2X, .4 receptors to the agonists ATP and 2MeSATP. 4, Similar ATP dose-response profile between heteromeric P2X, 4
channels and homomeric P2X, receptors in Xenopus oocytes. B, Heteromeric P2X, , s receptors showed increased sensitivity to 2MeSATP compared with
P2X, receptors. Values are normalized to the response to 300 uMm ATP (averages = SEM from 3 to 7 oocytes per point in 2 independent experiments).

mediated by P2X, subunits (Fig. 1C) nor currents mediated by
P2X, subunits (Fig. 1D) were affected, strongly suggesting that
P2X, and P2X; isoforms associate together, in a subunit-specific
manner, into a novel heteromeric P2X channel. Functional
P2X, . protein assembly and/or plasma membrane channel tar-
geting appeared to be on a different time scale compared with
P2X, receptors. Indeed, in response to 100 um ATP, P2X, .
heteromultimers gave rise to increasing peak currents even after
5 d of expression (Fig. 24), whereas P2X, homopolymers yielded
decreasing peak current amplitudes under identical conditions
(Fig. 2B). We did not find any difference between the EC,, values
of ATP for both homomeric and heteromeric receptor isoforms
(Fig. 4A4), so we concluded that the apparent inhibitory effect of
P2Xs on P2X, recorded 3 d after injection was mainly attributed
to a slower expression of P2X, ¢ receptors on the cell surface,
assuming similar channel conductance. These findings constituted
our first set of experimental evidence demonstrating a heteropo-
lymerization between P2X, and P2X, subunits. It has been no-
ticed previously that P2X subunits and channels express poorly
in HEK-293A cells (Collo et al., 1996) and are silent to ATP in
the Xenopus oocyte expression system (Soto et al., 1996), as
observed here. However, maximal ATP-induced peak currents
were significantly larger at day 5 in the case of P2X, s channels
than in the case of P2X, alone (Fig. 24). This situation is
reminiscent of epithelial sodium-selective channels, belonging to
another family of two-transmembrane-domain cation channels,
whereby a fully functional channel requires the heteropolymer-
ization of a subunits with 8 and <y subunits, both inactive when
expressed alone (Canessa et al., 1994),

Unique pharmacological profile of P2X,_ ¢

heteromeric receptors

We made the assumption that the association between P2X, and
P2X; subunits should be reflected in some unique aspects of the
pharmacological profile of the resulting heteromeric receptor.
Although P2X, seemed the dominant subunit for the sensitivity

. to ATP in the heteromers, we observed a statistical difference

between EC,, values of 2MeSATP for P2X, . c heteromeric chan-
nels and P2X, receptors (Fig. 4B). Furthermore, in response to
100 uMm «BmATP applications, oocytes coexpressing P2X, and
P2X, subunits gave rise to larger maximal peak currents than
oacytes expressing P2X, isoforms alone (Fig. 34), despite slower
kinetics of expression. Indeed, we measured a lower EC,, of
afmATP for P2X, ¢ than for P2X, channel species (Fig. 3B).
Therefore, in addition to opposite protein expression profiles
between P2X, . and P2X, channels, these observations strongly
indicate that P2X, and P2X, subunits generate a novel receptor
phenotype characterized by a unique agonist profile, namely
increased 2MeSATP and afmATP sensitivity. Moreover, these
data provide for the first time experimental evidence for moder-
ately desensitizing «BmATP-activated ionotropic responses.

Furthermore, we probed the sensitivity of P2X, . ¢ heteromers
to P2 antagonists suramin, PPADS, and RB-2 coapplied with
ATP. We found that suramin significantly blocked P2X, , ¢ activ-
ity without inhibiting significantly P2X, homomeric receptors
(Fig. 54); 10 puM suramin coapplied with 100 um ATP decreased
P2X,, ¢ heteromeric receptor peak current amplitudes by up to
40% compared with 7% for P2X, homomeric channels. Coap-
plied PPADS inhibited P2X, s weakly, although it had no mea-
surable effects on oocytes expressing P2X, subunits alone (Fig.
5A4). After preincubation, low concentrations of RB-2 provided
the most dramatic differential effect by inhibiting P2X, , ¢ hetero-
mers while potentiating P2X, channel activity (Fig. SB). Suramin
and RB-2 would thus be useful pharmacological tools to investi-
gate the expression of native P2X, . ¢ heteromers in a«fmATP-
sensitive neuronal preparations.

Biochemical evidence of P2X, ¢ heteropolymers

We demonstrated direct interactions between the two predomi-
nant brain P2X, and P2X, isoforms through the use of an estab-
lished copurification assay (Tinker et al,, 1996). Based on our
coprecipitation results with epitope-tagged subunits in nondena-
turing conditions, P2X, associates with P2X, subunits (Fig. 7B).
In Xenopus oocytes, this heteropolymerization underlies the spe-
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Figure 4. Sensitivity of P2X,.4 receptors to the agonist aBmATP. 4,
Differential apmATP responsiveness measured in peak current ampli-
tudes between Xenopus oocytes expressing either P2X, 4 channels or
P2X, at day 3 after injection; see Figure 1B for comparison of ATP-
induced peak currents. B, Normalized dose-response curves of P2X, ¢
and P2X, receptor species for afmATP. Values are normalized to the
response to 100 uM ATP; double asterisks denote significant difference;
p <0.01 (averages = SEM from 5 to 8 oocytes per point in 2 independent
experiments).

cific pharmacological and electrophysiological phenotype of a
novel heteromeric channel distinct from either P2X, or P2X,
homomeric receptors. On the other hand, P2X, and P2X, sub-
units did not seem to interact significantly with each other (Fig.
7B). Furthermore, the absence of obvious phenotypical differ-
ences between oocytes coexpressing P2X, + P2X, and P2X,
subunits alone (Fig. 1C), or between P2X, + P2X, and P2X,
homomers (Fig. 1D), indicate that structural determinants of
association between P2X, and P2X, isoforms are subunit-
dependent. A similar biochemical approach using copurification
of P2X, with chimeric subunits based on P2X, and P2X; struc-
tures could lead to the identification of the domain(s) involved in
specific heteropolymerization.

Functional correlates of native P2X,_ ¢ heteromers

Purinergic responses from CA3 neurons in rat hippocampal slices
have been shown recently to be activated by afmATP and inhib-
ited by suramin but not by PPADS (Ross et al., 1998). Based on
in situ hybridization results (Collo et al., 1996), P2X, and P2X¢
are the only P2X subunits expressed at significant levels in aduit
rat hippocampus, namely in CA1-CA4 hippocampal subfields
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normalized to the response to ATP only (averages = SEM from 4 oocytes
per experiment).
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Figure 7. Subunit specificity of P2X, and P2X, heteropolymerization. A, Immunoblot of Flag-tagged P2X,, P2X,, and P2X; subunits probed with
anti-Flag M2 monoclonal antibodies in total membrane proteins from transiently transfected HEK-293A cells. B; From the same samples, immunoblot
of Flag-tagged P2X, , P2X,, and P2X subunits probed with M2 antibodies after copurification through P2X,-(His)4 subunits. Molecular weight markers
(in 4): 104, 82, and 48 kDa. Cotransfections: lane I, P2X,-(His)s + P2X,-Flag; lane 2, P2X,-wt + P2X,-Flag; lane 3, P2X-(His), + P2X,-Flag; lane 4,
P2X,-wt + P2X,-Flag; lane 5, P2X -(His)s + P2X,-Flag; lane 6, P2X-wt + P2X,-Flag.

and in the dentate gyrus. Thus, our functional data obtained from
recombinant receptors are in close agreement with this native
phenotype and suggest that the sensitivities to «SmATP and to
suramin of rat CA3 neurons might be mediated through native
P2X, ¢ heteromeric channels.

Neonatal rat cerebellar Purkinje cells have been characterized
as having purinergic receptors with a P2X,-like pharmacological
profile in eliciting extracellular calcium influxes (Mateo et al.,
1998). This conclusion rested on «BmATP insensitivity, the po-
tency ratio of ATP to 2MeSATP, as well as suramin and PPADS
blockade after preincubation. However, on recombinant P2X; , ¢
receptors, the concentration of aSmATP used by Mateo et al.
(1998) (50 um) was ~10% as efficacious as 50 uM ATP in eliciting
ionotropic responses, sc afmATP-mediated intracellular calcium
increases could have remained undetected and consequently in-
terpreted as afBmATP unresponsiveness. The developmental reg-
ulation of expression levels of neuronal P2X genes in cerebellum
is not established so far. Adult rat Purkinje neurons are known to
transcribe P2X, and P2Xs mRNA (Collo et al., 1996) and have
been shown to translate high levels of P2X, subunits (Lé et al.,
1998), whereby P2X, mRNAs (Collo et al., 1996) or subunits
(Vulchanova et al., 1996) were reported previously to be absent
(Kanjhan et al., 1996). It is also possible that native P2X receptors
in neonatal Purkinje cells are composed of three subunits, namely
P2X,, P2X,, and P2X;, assembled in a heteromeric complex in
which P2X, is pharmacologically dominant. We have recorded in
oocytes purinergic currents mediated by P2X,, ¢ heteromeric
channels that were significantly more sensitive to the agonists
afmATP and 2MeSATP, as well as to the antagonist suramin
compared with P2X, homomeric receptors. So it is likely that the
moderately desensitizing apfmATP-activated and suramin-
sensitive postsynaptic purinergic responses recorded from medial
habenula (Edwards et al., 1992) could be accounted for by the
expression of postsynaptic P2X,,, receptors, because in situ
hybridization results demonstrate the exclusive presence of P2X,
and P2X, transcripts in this region (Collo et al., 1996). The
widespread distribution of high-affinity [*H]aBmATP binding
sites within the rat CNS (Bo and Burnstock, 1994; Michel and
Humphrey, 1994; Balcar et al., 1995) appears to correlate with in

situ hybridization data on P2X, and P2X; mRNA distributions
(Collo et al., 1996; Séguéla et al., 1996) as well as with the
immunocytochemical localization of P2X, protein (L& et al.,
1998). This neuroanatomical evidence strongly suggests that the
P2X, . channel phenotype might be present in most rat brain
and spinal cord regions. Moreover, we have shown that the P2X,
subunit is a major presynaptic purinoceptor component in lami-
nae I and IT of spinal cord and in olfactory glomeruli (L€ et al.,
1998), two regions in which P2Xj is also expressed (Collo et al.,
1996). Therefore, the heteromeric P2X, . ATP-gated cation
channel could play a significant role in the regulation of excitatory
transmitter release in central sensory synapses.
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The mammalian P2X receptor gene family encodes
two-transmembrane domain nonselective cation chan-
nels gated by extracellular ATP. Anatomical localization
data obtained by in situ hybridization and immunocyto-
chemistry have shown that neuronal P2X subunits are
expressed in specific but overlapping distribution pat-
terns. Therefore, the native ionotropic ATP receptors
diversity most likely arises from interactions between
different P2X subunits that generate hetero-multimers
phenotypically distinct from homomeric channels. Rat
P2X, and P2X; mRNASs are localized within common sub-
sets of peripheral and central sensory neurons as well as
spinal motoneurons. The present study demonstrates a
functional association between P2X, and P2X; subunits
giving rise to hybrid ATP-gated channels endowed with
the pharmacology of P2X, and the kinetics of P2X,,
When expressed in Xenopus oocytes, hetero-oligomeric
P2X, , . ATP receptors were characterized by slowly de-
sensitizing currents highly sensitive to the agonist o,f-
methylene ATP (ECg = 1.1 M) and to the antagonist
trinitrophenyl ATP (IC,, = 64 nM), observed with neither
P2X, nor P2X; alone. Direct physical evidence for
P2X, , . co-assembly was provided by reciprocal subunit-
specific co-purifications between epitope-tagged P2X,
and P2X, subunits transfected in HEK-293A cells.

Ionotropic ATP receptors constitute a unique class of neuro-
transmitter-gated ion channels generated from the assembly of
P2X subunits having two transmembrane-spanning domains
and a protein architecture similar to the one of the amiloride-
sensitive sodium channels (1, 2). Functional characterization
studies of the seven mammalian cloned P2X subunits heterolo-
gously expressed as homomeric channels allowed to classify
them in three groups according to their properties of desensi-
tization and to their sensitivity to the agonist «,8-methylene
ATP (aBm-ATP)!: (i) rapidly desensitizing and «fm-ATP-sen-
sitive receptors including P2X, and P2X, (3-5), (ii) moderately
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desensitizing and afm-ATP-insensitive receptors including
P2X, and P2Xg (6-12), and (iii) nondesensitizing as well as
afm-ATP-insensitive receptors including P2X,, P2X,, and
P2X; (11-14). Results from Northern blots and ir situ hybrid-
ization data (11) have indicated that the six neuronal P2X
subunits genes are transcribed in specific but overlapping pop-
ulations in the central and peripheral nervous system (1, 11).
This strongly suggests that neuronal P2X subunits belonging
to different functional groups might co-assemble into hetero-
multimeric channels.

All P2X subunits have been detected in peripheral sensory
ganglia, reinforcing the view that synaptically or lytically re-
leased ATP could play an important signaling role in sensory
pathways (1, 11, 15). Rat P2X3 subunits have been reported to
be exclusively expressed in small to medium-sized isolectin
B4-positive nociceptive neurons in nodose, trigeminal, and dor-
sal root ganglia (4, 5, 15). A significant proportion of sensory
neurons are thought to express hetero-oligomeric P2X,,, 5 re-
ceptors based on their sustained response to afm-ATP appli-
cations (5). However, recent immunocytochemistry results
have demonstrated that P2X, and P2X; subunits in rat dorsal
root ganglia are rarely co-localized at the level of central pri-
mary afferents in the dorsal horn of the spinal cord, despite
their high degree of co-localization in somata, indicating differ-
ent subunit-specific subcellular targetings (16). Altogether,
these data suggest that physiologically relevant associations of
neuronal P2X subunits, giving rise to phenotypes that are not
mediated by the previously described P2X, . 5 (5, 17) or P2X, ¢
(18) receptors, remain to be discovered.

Rat P2X; subunits mRNAs have the most restricted distri-
bution in the P2X family, but in situ hybridization studies have
indicated that P2X; and P2X; mRNAs are co-localized in pri-
mary sensory neurcns as well as within subsets of large mo-
toneurons in the ventral horn of the spinal cord (1, 11). We
report here the characterization of a novel heteromeric P2X
receptor with hybrid properties generated by co-expression and
co-assembly of P2X, with P2Xg subunits in Xeropus laevis
oocytes and transfected HEK-293A cells, further strengthening
arguments for a diversity of native ATP-gated channels and
purinergic phenotypes in mammalian neurons.

EXPERIMENTAL PROCEDURES

Molecular Biology—Full-length wild-type rat P2X, and P2X; cDNAs
were obtained through polymerase chain reaction amplification using
A10 smooth muscle cells (ATCC No. CRL 1476) and adult rat spinal
cord reverse transcribed-cDNA templates, respectively. Reactions were
performed with exact match oligonucleotide primers based upon pub-
lished primary sequences (3, 11, 12) using Pfu DNA polymerase (Strat-
agene) to minimize artifactual mutations. Epitope-tagged P2X subunits
with carboxyl-terminal hexahistidine motif (Hisg) or Flag peptide were
constructed as reported previously (18). Briefly, an Xhol-Xbal stuffer
cassette containing in-frame Flag or His, epitopes followed by an arti-
ficial stop codon was ligated to P2X, and P2X; cDNAs previously mu-
tated to replace their natural stop codon with a Xhol restriction site.
P2X,-Flag, P2X,-His,, P2X,-Flag, and P2X,-Hisg were then subcloned
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Fic. 1. Co-expression of P2X,; with P2X; (P2X, ) yields a slowly desensitizing current that is activated by agm-ATP. Whole-cell
currents were recorded from oocytes after nuclear injections with P2X, ¢cDNA alone, P2X; cDNA alone, and P2X, + P2X; ¢cDNAs (P2X, ) on
prolonged applications of 50 uM afm-ATP. Fast desensitization of the afm-ATP-induced current occurs in oocytes expressing P2X, alone but not
in oocytes expressing P2X, and P2X; together. P2X -expressing aocytes showed weak currents to 50 um ATP and no detectable response to 50 um
afm-ATP. Oocytes were voltage-clamped at V, = —100 mV. Bars represent the durations of agonist applications.

directionally into the HindIII-Xbal sites of pcDNAI vector (Invitrogen,
San Diego, CA) compatible with CMV-driven heterologous expression in
HEK-293A cells and Xenopus laevis oocytes. RT-PCR products as well
as mutant epitope-tagged subunits were subjected to automatic dideoxy
sequencing (Sheldon Biotechnology Center, Montreal).

Cell Culture and Protein Chemistry—cDNA transfections of epitope-
tagged P2X subunits were performed in mammalian cells. HEK-293A
cells (ATCC No. CRL 1573) were cultured in Dulbecco’s modified Eagle’s
medium and 10% heat-inactivated fetal bovine serum (Wisent, St.
Bruno, Canada) containing penicillin and streptomycin. Cells reaching
30-50% confluency were used for transient cDNA transfections with
the calcium phosphate method with 10 ug of supercoiled plasmid cDNA
per 106 cells. Transfected HEK-293A cells used for Western blots were
then lifted in Hanks’ modified calcium-free medium with 20 mm EDTA,
pelleted at low centrifugation, and homogenized in 10 volumes of 10 mM
HEPES buffer and 0.3 M sucrose, pH 7.40, containing protease inhibi-
tors phenylmethylsulfonyl fluoride (0.2 mM) and benzamidine (1 mM).
Membranes from cell lysates were sclubilized with 1% Triton X-100
(Sigma) for 2 h at 4 °C and pelleted at 14000 X g for 5 min, and
remaining membrane proteins within supernatants were used for West-
ern blots. Solubilized proteins were incubated with 25 ul of equilibrated
Ni-NTA resin (Qiagen, Hilden, Germany) for 2 h at 4 °C under agita-
tion. Then Ni-NTA beads were washed six times in Tris-buffered saline
containing 25 mM imidazole and 1% Triton X-100. Bound proteins were
eluted from His-binding resin with 500 mMm imidazole, diluted 1:1 (v/v)
with SDS-containing loading buffer. Samples were then loaded onto
10-12% SDS-PAGE and transferred to nitrocellulose. Immunostain-
ings were performed with M2 murine monoclonal antibodies (10 ug/ml)
(Sigma) or chicken anti-Flag polycional antibodies (1:200) (Aves) fol-
lowed by incubations with corresponding species-specific peroxidase-
labeled secondary antibodies (1:5000—1:20,000) for visualization by en-
hanced chemiluminescence (Amersham Pharmacia Biotech).

Electrophysiology—Electrophysiological recordings were performed
in Xenopus oocytes. Ovary lobes were surgically retrieved from X laevis
frogs under deep tricaine (Sigma) anesthesia. Oocyte-containing lobes
were then treated for 3 h at room temperature with type II collagenase
(Life Technologies, Gaithersburg, MD) in calcium-free Barth's solution
under vigorous agitations. Stage V-VI oocytes were then chemically
defolliculated before nuclear micro-injections of 5~-10 ng of cDNA coding
for each P2X channel subunit. Following 2-5 days of incubation at 19 °C
in Barth’s solution containing 1.8 mM calcium chloride and 10 pg/ml
gentamicin (Sigma), elicited P2X currents were recorded in two-elec-
trode voltage-clamp configuration using an OC-725B amplifier (Warner
Instruments). Responsive signals were low pass filtered at 1 kHz,
acquired at 500 Hz using a Macintosh Ilci computer equipped with an
NB-MIO-16XL analog-to-digital card (National Instruments). Recorded
traces were post-filtered at 100 Hz in Axograph (Axon Instruments).
Agonists, antagonists, and P2X co-factors (10 uMm zinc chloride, pH 6.40
and pH 8.40) were prepared at room temperature in Ringer’s perfusion
solution containing 115 mM NaCl, 2.5 mm KCl, 1.8 mm CaCl,, and 10
mM HEPES buffered at pH 7.40. Solutions were perfused onto oocytes
at a constant flow rate of 10—12 mVmin. Dose-response curves were
fitted to the Hill sigmoidal equation, and ECy, as well as ICg, values
were determined using the software Prism 2.0 (Graphpad Software,
San Diego, CA).

RESULTS AND DISCUSSION

To assess the presence of P2X, .5 heteromers in Xenopus
oocytes co-injected with both subunits, we tested the expression
of inward currents during prolonged applications (5-10 s) of 50
uM afm-ATP, exploiting the fact that homomeric P2X; ATP-
gated channels are almost insensitive to this agonist when
applied at concentrations below 100 um (Fig. 1) (11, 12).
Whereas homomeric P2X, receptors desensitize strongly in the
first seconds of agonist application, a slowly desensitizing re-
sponse induced by 50 uM a«fm-ATP was observed in oocytes
co-injected with P2X,; and P2X subunits at a 1:1 ¢DNA molar
ratio (Fig. 1). This hybrid phenotype was the unambiguous
trademark of the expression of heteromeric P2X, _  receptors.
Oocytes expressing P2X, .. receptors showed robust 50 um
afm-ATP-induced whole-cell currents with amplitudes in the
range of 3-15 uA at V; = —50 mV after 2-5 days of post-
injection time, similar to currents recorded from oocytes ex-
pressing P2X, alone (Fig. 1).

P2X, .5 receptors slowly desensitized during agonist appli-
cation but showed complete recovery in 2 min (Fig. 2), a notice-
able difference with homomeric P2X; receptors that do not
desensitize in heterologous systems (Fig. 1) (11, 12). However,
P2X, .5 receptors (Fig. 2, B and D) recovered significantly
faster than P2X, receptors, the latter recovering less than 50%
of their initial response after 5 min of washout (Fig. 2, A and C).
We noticed slight differences in the rate of desensitization of
P2X, ., s receptors between oocytes (Fig. 2). These variations of
phenotype could be because of the expression of populations of
heteromeric channels with different stoichiometries, a cell-de-
pendant variable that is not controlled in these experiments of
co-injection. The kinetic properties of P2X, receptors have been
shown to be modulated by protein kinase A activity (19). Thus
it is possible that inter-individual differences in the levels of
endogenous kinase activity present in oocytes could have some
impact on the properties of desensitization of P2X, ., 5 receptors.
Furthermore, the correlation between the number of P2X sub-
units and the kinetic properties of the oligomeric complex,
which has been reported to be a trimer for homomeric P2X,
channels (20), is not yet known.

P2X, _ < receptors were challenged with ATP, «fm-ATP, and
ADP at various concentrations for comparison with the phar-
macology of homomeric P2X; and P2X; receptors. We meas-
ured ECy, values for P2X, , 5 heteromers of 0.4 * 0.2 um for
ATP, 1.1 = 0.6 uM for afm-ATP and 13 = 4 uM for ADP (Fig. 3).
These EC5, values were not significantly different from those
obtained with homomeric P2X; receptors in the same experi-
mental conditions: 0.7 £ 0.1 uMm for ATP, 24 = 1 um for
affm-ATP, and 47 = 9 um for ADP (Fig. 3), in good agreement
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Fig. 2. Comparison of recovery rate from desensitization between homomeric P2X, and heteromeric P2X, _, receptors. Shown are
superimposed whole-cell currents recorded from individual cocytes expressing P2X, (A) or P2X,, receptors (B) during two applications of
aBfm-ATP separated by different time intervals as indicated. 5-s applications of afm-ATP at 1 uM for P2X; and 10 uM for P2X, ., were recorded
at holding potentials of —100 mV. Shown are mean peak currents evoked by repeated applications of «fm-ATP on P2X, (C) and P2X,  ; receptors
(D). Currents were normalized to the value of the first response (¢ = 0) in the same oocyte (n = 5).

with previously published data (3). Differences in the apparent
Hill coefficient ny (cooperativity index) of ADP activation be-
tween P2X, (ng = 4.9 = 2.3) and P2X, , 5 (nz = 1.6 * 0.8) (Fig.
30C) could be because of the fact that we record from a hetero-
geneous population of P2X,-containing receptors with varying
stoichiometries. The amplitudes of peak currents from P2X,-
expressing oocytes were too small to carry out complete dose-
response curve experiments with these agonists (Fig. 1). No
significant differences were observed between P2X, . and
P2X, receptors during co-applications of extracellular zinc ions
(10 pM), protons (pH 6.4), or alkaline solutions (pH 8.4) with
sub-saturating concentrations of ATP (0.1 um) (data not
shown). Our results suggest that P2X, subunits confer their
high apm-ATP sensitivity to the P2X, , ; heteromers. Another
specific pharmacological property of P2X,; subunits, the potent
inhibitory effect of trinitrophenyl-ATP (TNP-ATP) (20), is ob-
served in the heteromeric receptors (Fig. 44). In conditions of

co-application of TNP-application of TNP-ATP and afm-ATP
without pre-incubation, we measured an IC;, of 64 = 14 nM on
P2X, s and 200 = 120 nM on homomeric P2X;receptors (Fig.
4B). This subunit association is therefore reminiscent of the
association between P2X, and P2X, in which P2X; is the phar-
macologically dominant component both for afm-ATP sensitiv-
ity (5, 17} and blockade by TNP-ATP (21, 22).

To demonstrate direct associations between P2X,; and P2X,
subunits that underlie their assembly in hybrid heteromers, we
assayed their physical interaction by co-purification of epitope-
tagged subunits in transfected HEK-293A. cells. Purification of
P2X.-Hisg on nickel-binding resin in nondenaturing conditions
(see “Experimental Procedures” for details) allowed the detec-
tion of co-transfected P2X,-Flag in Western blots (Fig. 5, lane
C). Reciprocally, P2X,-His; was shown to co-assemble with
P2X,-Flag (Fig. 5, lane D). Positive controls included pseudo-
homomeric receptors composed of P2X,-Hisg + P2X,-Flag or
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FiG. 3. Sensitivity of P2X, and P2X, ,, receptors to the puri-
nergic agonists ATP (A4), afm-ATP (B), and ADP (C). For each
agonist concentration-current relationship, mean peak currents were
normalized to the response to 100 uM ATP (mean = S.E. from 3 to 10
oocytg per point). Holding potentials were —50 mV (A and B) and —70
mV (C).

P2X -His; + P2X;-Flag (Fig. 5, lanes A and B). Technical
controls of transfections with one P2X subunit only or with
sham-transfected HEK-293A cells were negative (data not
shown).

Peripheral sensory neurons have been reported to express
ATP-gated channels with a slow rate of desensitization and a
high sensitivity to «fm-ATP characterized by EC;, in the low
micromolar range (Ref. 5, and references therein). This sensory
phenotype was thought to be exclusively accounted for by the
co-assembly of P2X, and P2X; subunits into heteromeric
P2X, . 5 receptors (5, 17). Alternatively, we propose from our
results that slowly desensitizing and afm-ATP-elicited re-
sponses could be mediated by hybrid P2X, . heteromeric re-
ceptors endowed with the pharmacology of P2X, and the kinet-
ics of P2X,. Our data suggest to use TNP-ATP as a specific
antagonist of P2X,-containing ATP-gated channels. In spinal
motoneurons where P2X; is absent, complete blockade of
slowly desensitizing P2X responses by 1 um TNP-ATP would
indicate the expression of P2X, , s heteromeric channels.

Using subunit-specific polyclonal antibodies, Vulchanova et
al. (23) described a strong P2X; immunoreactivity in the lam-
inae I-II of spinal cord, corresponding to presynaptic labeling of
central axon terminals from dorsal root ganglia sensory neu-
rons. As P2X, and P2X; subunits do not appear to co-assemble
in heteromeric channels in these primary afferents (16), a
presynaptic localization of P2X, , 5 receptors would provide sen-
sory axon terminals with high sensitivity to ATP and slowly
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currents were normalized to the response elicited by application of 10
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Fi1G. 5. Physical interactions between P2X, and P2X, subunits.
Solubilized P2X proteins from transiently transfected HEK-293A cells
were detected on immunoblots after purification using Hisg-binding
Ni*-NTA resin. P2X subunits associated with corresponding Hisg-
tagged partners were probed with anti-Flag antibodies. Co-purifica-
tions shown are: P2X,-His, + P2X,-Flag in lane A (positive control),
P2X.-Hiss + P2X.-Flag in lane B (positive control), P2X;-Hisg + P2X,-
Flag in lane C, and P2X;-His, + P2X,-Flag in lare D. Molecular weight
markers are indicated in kilodaltons.

desensitizing voltage-independent calcium entry that could
play a modulatory role in the release of central neurotransmit-
ters glutamate or substance P (24). The effects of presynaptic
P2X, , s receptors on the release of sensory transmitters can
now be experimentally challenged with application of the
blocker TNP-ATP at low concentrations.
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In the central nervous system, an important role for pu-
rines in motor systems is deduced both from the distribution
of several P2X subunits mRNA within cranial and spinal
motor nuclei (11) and from the powerful cellular effects of
extracellular ATP on motor outflow (25). More specifically, a
subset of large projection motoneurons in lamina IX of rat
spinal cord has been characterized by the co-expression of
P2X, and P2X; subunits (11). We propose from their func-
tional properties that highly agonist-sensitive P2X, .5 recep-
tors might provide a specific excitatory function to the motor
control by allowing a sustained entry of extracellular calcium
within motoneurons in response to minute amounts of re-
leased ATP.

Acknowledgment—We gratefully acknowledge Kazimierz Babinski
for the cloning of the rat P2X; receptor subunit.
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Abstract A novel member of the ionotropic ATP receptor gene
family has been identified in human brain. This 422 amino acid
long P2X receptor subunit has 62% sequence identity with rat
P2Xs. Several characteristic motifs of ATP-gated channels are
present in its primary structure, but this P2Xs-related subunit
displays a single transmembrane domain. Heterologous expres-
sion of chimeric subunits containing the C-terminal domain of rat
P2Xs leads to the formation of desensitizing functional ATP-
gated channels in Xenopus oocytes. The developmentally
regulated mRNA, found in two splicing variant forms, is
expressed at high levels in brain and immune system.
© 1997 Federation of European Biochemical Societies.

Key words: Transmitter-gated channel; Purinoceptor;
Nucleotide; Lymphocyte; Cerebellum

1. Introduction

Mammalian P2X receptors belong to a multigene family of
non-selective cation channels activated by extracellular ATP.
The seven known members of the rat P2X family can be
grouped into three functional categories according to their
pharmacological profiles and to their properties of desensiti-
zation. P2X,; [1] and P2X; [2,3] are highly sensitive to o.B3-
methylene-ATP (afmATP) and desensitize rapidly; P2X, [4].
P2X;s [5.6] and P2X; [7] do not respond to ofmATP below
100 utM and do not desensitize, whereas P2X; [8-10] and
P2Xs [5] do not respond to afmATP, are almost insensitive
to co-applied non-competitive antagonists suramin and
PPADS, and show moderate desensitization. Despite the
fact that high levels of expression of P2X receptors are ob-
served in many central and peripheral tissues, reinforcing the
concept of an important role for ATP in intercellular commu-
nication [11], much less is known about their human counter-
parts. Excitatory ATP-gated channels play a specific role in
sensory systems [12-14], therefore the development of sub-
type-specific P2X antagonists with analgesic properties should
take into account functional differences between mammalian
species. The reports on the expression of cloned human P2X
orthologs of P2X; [15], P2X; [16], P2X, [17] and P2X; [18]
emphasized both pharmacological and anatomical specificities
that seriously undermine the relevance of our knowledge
based on rodent systems for extrapolation to human fast pu-
rinergic transmission. In an effort to complete the genetic in-
ventory of human ionotropic ATP receptors, we report here

*Corresponding author. Fax: (1) (514) 398-8106.
E-mail: mips@musica.mcgill.ca

!These authors contributed equally to this work.

the identification, heterologous expression and anatomical dis-
tribution of a novel member of the human P2X gene family
isolated from fetal brain.

2. Materials and methods

2.1. Molecular cloning and in vitro translation

Using the TBLASTN algorithm. virtual screening of the dbEST
database [19] with the whole coding region of rat P2X; subunit led
to the identification of human fetal brain EST sequences encoding a
novel P2X gene (GenBank accession numbers T80104 and Z43811).
The clone tagged by EST T80104 was sequenced on both strands and
was shown to encode a short splicing variant of human P2X subunit
related to rat P2X5: hP2Xsz (Fig. 1). A longer splicing variant of
hP2X;gr was detected in RT-PCR from human cerebeilum mRNA
with exact match primers. The EST clone was engineered to generate
the long version of hP2X;r (Fig. 1), deposited in Genbank under
accession number AF016709. This hP2Xsp clone was transferred
into the HindITI-No«I sites of eukaryotic vector pcDNAS3 (Invitrogen)
for CMV-driven heterologous expression in HEK-293 cells and Xeno-
pus oocytes. Supercoiled hP2X;g plasmid was used for in vitro trans-
lation using the TnT system with T7 RNA polymerase (Promega) and
(*S]eysteine (ICN) according to the manufacturer’s specifications.

2.2. Construction of epitope-tagged hP2X;r subunits and
immunolocali-ation

hP2Xsz subunit was epitope-tagged (hP2Xsg-FL) to facilitate the
immunolocalization of the protein both in situ and in Western blot
from transfected mammalian cells. The Flag octapeptide
DYKDDDDK (IBI) was inserted by PCR in the C-terminal domain
of hP2X;r using an antisense oligonucleotide primer designed for the
replacement of its natural stop codon by an artificial in-frame X/iol
site (TCACTCGAGCAACGTGCTCCTGTGGGGCT). Full-length
mutant hP2Xsg cDNA was amplified in PCR using Pfu polymerase
(Stratagene), then ligated to an Xhol-Xbal cassette containing the
Flag peptide followed by a stop codon [20] in the pcDNA3 vector.

For transfection of hP2X;g-FL subunits, HEK-293 cells (ATCC
CRL1573) were grown in DMEM-10% heat-inactivated fetal bovine
serum (Wisent. St Bruno, Quebec) containing penicillin and strepto-
mycin. Freshly plated cells reaching 30—-50% confluence were used for
transient transfection using the calcium phosphate method on 90 mm
dishes with 10 pg supercoiled plasmid/106 cells.

For immunofluorescence, transfected HEK-293 cells (48-72 h post-
transfection time) were plated at 50-70% confluence in poly-lysine-
coated chambers. Adherent cells were washed in PBS and fixed for
20 min at room temperature with 4% paraformaldehyde in 0.1 M
phosphate buffer. pH 8.0. After blocking non-specific sites with 2%
normal goat serum, fixed cells were incubated with anti-Flag mono-
clonal antibedy (mAb) M2 (1 ug/ml, IBI) for 1 h at room temperature
in 0.05 M Tris-saline buffer pH 7.2 containing 0.2% Triton X-1060, 5%
normal goat serum and 5% dry milk powder. Bound primary anti-
bodies were detected by immunofiuorescence after 1 h incubation with
Texas red-labeled goat anti-mouse (2 pg/ml) secondary antibodies
(ImmunoResearch Labs).

For high resolution analysis of hP2Xsg-FL subcellular distribution.

" we used a Zeiss Laserscan Inverted 410 confocal microscope equipped

with an argon-krypton laser set at 580 nm for Texas red. Serial images
(512x 512 pixels) acquired as single optical sections were averaged
over 32 scans/frame and processed with the Zeiss CLMS software
package.

For Western blots, transfected cells were lifted in Hanks' modified
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calcium-free medium with 20 mM EDTA., pelleted at low speed and
homogenized in 10 volumes of 10 mM HEPES buffer pH 7.4 contain-
ing the protease inhibitors phenylmethylsulfonyl fluoride (0.2 mM)
and benzamidine (I mM). Lysates were pelleted at 14000xg for
5 min to remove cell debris before protein assay and crude membrane
proteins in supernatants were solubilized with SDS-containing loading
buffer. About 150 pg of protein/lane were run on 12% SDS-PAGE,
then transferred to nitrocellulose. Immunoprobing was performed
with mouse mAb M2 (1 pg/ml) followed by peroxidase-labeled sec-
ondary antibodies for visualization by enhanced chemiluminescence
(Amersham).

2.3. Functional expression of h-rP2Xs chimera in Xenopus oocytes
The domain of hP2Xsz containing amino acids 1-318 was fused to
the PCR-amplified domain corresponding to amino acids 318455 of
rat P2X5 using the natural BamHI site of hP2Xsg to generate the
chimera h-rP2Xs. Oocytes surgically removed from mature Xenopus
laevis frogs were treated for 2 h at room temperature with type II
collagenase (Gibco-BRL) in Barth’s solution under agitation. Selected
stage [V-V oocytes were defolliculated manually before nuclear mi-

A

GGCACGAGGLTCCOCAAGCOCGECTRAGACCCCUCCATGGEECCAGCGOGCECC TCCAAGEGCCTCTSCCTG TCECTG
M G Q A G CKGLCULSHZL

TTCGACTACAAGACCGACAAGTATGC TCATCGOCAAG AACAAGAAGG TGCGCCTCC TG TACCGGCTCCTETACG S
P DY KTEK YV I AKNIZ K I KU GYVGIULTULYRIUELULGQA

TOCATCCTOGCGTACCTGE TCG TATGGG TC TICCTCATAAAGAACGC TTACCAAGACG TCGACACCTCOCTCCAG
§ I L A YLV VWV F L IXKXIKGYQDUVDTSTLAGQ

AGTGCTGTCATCACCAAAG TCAACGEOS TG OCTTCACCAACACCTCGGA TC T IGGCCAGCGGATC TGUGA TG TC
8 A VI T KV KGC VA F TN NT S DILELGO QR RTIWDUV

GOCGACTACGTCATTCCACCCCAGCGAG AGAACG TC TT I TTTC TG TCACCAACCTGAT TG TEGACCCCTAACCAL

ADYVIPAQIGENVPPVVTNLIVTPNQ'

AATCAAGGCATTOCTGATCGOG CETOC TOCAAGGACAGCGACTGCCACGETGSG
R Q NV C A E|N B G I P DC A CS KDSDTGCHA ATGEG

X AGACCGGCOGCTGOTTTECGK ACTTCGOCAGGGGCACCTICT
E A VT AGNGV KT GRCLURU®RGNTLWALMRTGEGTSC

GAGATCTTIGCCTUGTGCCCG TTCGAGA CAAGCTCCAGGCCGG AGGAGCCA TTCCTCAAGC AG GOCCAAGACTTC
E I P A W CPULUETS SR PETEEZPV FLI KTEGEALTETDT?PF

ACCATTTTCATAAAGAACCACATOCG TT TCCCCAAA TTCAACT TCTOCAAAAACAATC TGATCGACG TCAA GG AL
T I FI KNHTIRUVPFPFUPIKUPNPSIKN NNV VXDV KD

AGATCTTTOCTGAAMTCATCCCACT T TG GOCCCAAGAACCACTACTGCCOCA! TCCTC
R S PLKSCHU®P GCPKNUHYO GC?PTIUPRILGSTIUV

TATAGCCCTCCGAGEG TGCCG TGATAGGAATTAATATTCAATGCAACTGT
R W A G 8 D P Q DIATZLURUGTGVYVYTIGCINTILIEGEHWWNSC

GATCTTGATAAAGCTGOCTCTGACTGCCACCCTCACTATTC T T TTAGCCC TCTCCACAATAAACTTTCAAAGTCT
D LDKAAS ECHUPU HY Y S P S RLDNI KL SK S

GTCTOCTOCGGGTACAACTTCAGATT TGCCCAGATAT TACCGAG ACGCAGCCGGGETGGAGTTCCGCACCCTGATG
vV S S G YNUPFPFRPARY Y RDAAGVYETPRTTILM
AAMCCCTACGGGATCOGCTTTGACCTEATCC TCAACGGCAAGG G TCCTTTCTTCTCCGACCTCCTACTCATCTAC
K A Y G I RF DV M V NG KGAUPPCDLUVLTIZY

CTCATCAMAMGAGACGASTTTTACCG TGACAAG AAG TACGAGC AAG TGAGGGGOCTAGAAGACACTTCCCAGG AG
L I KKRZEBEPYRUDIKT K YEUZEVRGLETUDS S S QE
GCOGAGGACGAGGCA' TCTGGCEOCALGGCTCCTGGGGATCOCGGAG

TCGGCECTCGECCTATCTGAGCAGCTCACA'
A BE DE A SGCLGL S E QL TSG PGTIL L G X P E

CAGCAGGAGCTGCAGGAGCCACCCGAGCCGAACCETGG AAGCAGCACTCAGAAGGGGAACGGATCTGTGTGOCCA
Q Q E L QR P P EAIKRG S 8 3 Q KG NG S UV C P

CAGCTCCTCCAGCCOCACAGGAGCACG TGAATTGCC TC TCCTTACG TTCAGGOCCTG TOCTAAACCCAGCCGTCT
QL LEPHRT ST .

AGCACCCAGTGATCCCATGCCTTTCCGAATCCCAGC ATGCTCCCCAACGEG AAATT TG TACATTCGG TGCTATCA.
ATCCCACATCACAGGGACCAGCEATCACAGAGCAAGTGACCTCCACG TCTGATCCTGGGG TCATCAGGACCGAC
COATCATGGCTG T T TTGC CCCACCCOCTGCOG TCAS TTC T TCC T TC TOC G TG GCTGGCTTCCCGCACTAGS
GAACGGGTTCTAAATEGGGAACATEACT TCCTTCOGGAGTCCTTCAGCACC TCAGC TAAGGACCCCAG TGCOCTG

GACCTCOCCAAGATATCTATTCTCTGACACTCTTATTIGC TCATAAA CAATAA TCC TCTCAATTTCAAAAAAA
ARAAAAAAMAAAAAAAAAARARALNA DDA,

Fig. 1.
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croinjection {21} of 10 ng cDNA of hP2Xs or h-rP2X; chimera in .
pcDNA3 vector. After 2-4 days of expression at 19°C in Barth's
solution containing 10 pg/ml gentamicin. oocyles were recorded in
two-electrode voltage-clamp configuration using a OC-725B amplifier
(Warner Inst.). Signals were acquired and digitized at 500 Hz using a
Macintosh Ilci equipped with an A/D card NB-MIO16XL (National
Instruments) then traces were post-filtered at 100 Hz in Axograph
(Axon Instruments). Agonists dissolved in Ringer's solution contain-
ing 115 mM NaCl, 2.5 mM KCI. {8 mM CaCl, in [0 mM HEPES
pH 7.4 at room temperature were apphed on oocytes by perfusion in
constant flow (10 mi/min).

2.4. RT-PCR detection of hP2X;p mRNA from human cerebellum and

{vmphacytes
Total RNA from post-mortem adult human cerebellar cortex and
adult lymphocytes were isolated using Trizol reagent (Gibco-BRL).
Then 5 pg of each RNA was subjected to random-primed reverse-
transcription with Superscript (Gibco-BRL). Around 100 ng of RT-
cDNA was used as template for PCR with the following primers:
forward TTCGACTACAAGACCGAGAAGT (Pl see Fig. 1B) and

B
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Molecular cloning of a novel member of the human P2X ATP gene family: hP2X;5z. A: Nucleotide sequence and ORF domain. Poten-

tial intracellular phosphorylation sites are indicated. as well as cysteine residues (bold) and N-glycosylation sites (italics) in the putative extracel-
lular domain of the subunit. The spliced domain of 24 amino acids (Gly**~Glu!®), absent in the short variant from brain, is boxed. The puta-
tive splicing site of missing TM2 sequence is indicated by the arrowhead. B: Alignment of human and rat P2X; amino acid sequences and

positions of PCR primers based on hP2Xsp primary structure.
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Fig. 2. Heterologous expression and immunodetection of hP2X;
subunits. A: In vitro translation of recombinant wild-type (1) and
Flag-tagged hP2X;r (2). B: Detection in Western blot of epitope-
tagged hP2Xzz (1) and rat P2X, (2) from transfected HEK-293
cells. ’

reverse CTTGACGTCCTTCACATTGT (P2) to amplify the region
corresponding to nucleotides 75-671 around the splicing event. as well
as forward GAGGCCGAAGACTTCACCAT (P3) and reverse
CCTCGTACTTCTTGTCACGG (P4) to detect the expression of a
complete second transmembrane domain (TM2). Non-RT samples
amplified in the same conditions provided the negative controls. In-
tegrity and representativity of RT-cDNA were checked by amplifica-
tion of human P2X; subunit message [18] and human P2X; message
(17} with appropriate primers in lymphocytes and in cerebellum. re-
spectively (data not shown).

2.5. Distribution of hP2Xsp transcripts in human tissues

Known amounts of mRNA blots corresponding to equivalent tran-
scription levels of housekeeping genes from various fetal and adult
human tissues (Masterblot, Clontech) were probed with full-length
random-primed [*?P}hP2Xs;z cDNA at high stringency (final elution
at 65°C in 0.3xXSSC buffer). Hybridization signals were quantitated
using a Storm phosphorimager and the ImageQuant application (Mo-
lecular Dynamics) before subtraction of background and normaliza-
tion of transcription levels.

3. Results and discussion

The longest reading frame of hP2X;r cDNA encodes a
protein of 422 amino acids that displays 62% sequence iden-
tity with rat P2X; and several unique motifs conserved in all
P2X receptor subunits (Fig. I). In the intracellular N-terminal

Fig. 3. Subcellular distribution of hP2X;g subunits expressed in
HEK-293 cells using confocal microcope immunofluorescence. Ar-
rows indicate the localization of hP2X;r subunits on the plasma
membrane.
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domain, hP2X;5g displays an highly conserved threonine resi-
due (Thr'8), potentially susceptible to phosphorylation by
protein kinase C. In addition. a serine residue (Ser'?) is found
in a consensus site for phosphorylation by casein kinase II. In
the putative extracellular domain of hP2Xsg, all 10 cysteine,
all proline, 91% of glycine and 75% of lysine residues are
present at homologous positionis in all P2X subunits, indicat-
ing their critical roles in the folding and function of this sen-
sor region. We checked the real position of the predicted stop
codon by in vitro translation as well as Western blot (Fig. 2).
The recombinant subunit and its epitope-tagged mutant mi-
grate at a M, of 49%2 kDa and 51 £2 kDa, respectively, in
agreement with the calculated MW of 47 kDa for wild-type
hP2X;r (Fig. 2B). At least one of the 3 N-linked glycosylation
consensus sites present in the extracellular domain of hP2X;5x
is used, according to the difference of M, (up to 1l kDa)
between in vitro translated hP2Xsr and hP2Xsg expressed
in transfected HEK-293 cells (Fig. 2B,C). The multiple bands
observed in Western blot from transfected cells could be due
to the co-expression of several glycosylated forms of hP2Xsg
(Fig. 2B).

The integrity of the protein was also checked by detection
of heterologously expressed epitope-tagged hP2Xsg mutants
using in situ immunofluorescence (Fig. 2AFig. 3). Analysis
of the subcellular localization of hP2Xsr-FL in HEK-293 cells
using confocal microscopy indicated a correct targeting of the
subunit to the plasma membrane (Fig. 3), quantitatively sim-
ilar to the surface distribution of the functional P2X receptors
rat P2X,-FL and rat P2X-FL {14]. When expressed in Xeno-
pus oocytes, homomeric hP2X;5 channels do not respond to
extracellular ATP applied at concentrations up to | mM.
However, the chimera h-rP2X;, made of the N-terminal do-
main of hP2X;5 linked to the C-terminal domain of rat P2X;,
revealed the formation of cationic ATP-gated ion channels
(Fig. 4). These channels run down rapidly and do not recover
fully from desensitization after extensive washing of agonist
lasting several minutes in constant perfusion (Fig. 4). There-

[ATP] = 10OMM
t, +500s

.t; t, +700s

2 sec

Fig. 4. Functional expression of the chimera h-rP2X; in Xenopus
oocytes. Fast and desensitizing inward currents evoked by 100 uM
extracellular ATP were recorded after 2-4 days of expression in
two-electrode  voltage-clamp configuration (holding potential
vy =—100 mV). Repeated applications of agonist at time to +500 s
or to +700 s showed profound desensitization of the chimeric ATP-
gated channels.
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fore, despite the high sequence similarity with non-desensitiz-
ing wild-type rat P2Xg (62%), this chimeric channel displays a
unique functional property not found in any other known
homomeric or heteromeric subtypes. These data suggest that
the kinetics of desensitization of P2X channels is dependent
on subtle rules of complementarity between the N-terminal
and the C-terminal halves of the subunits, as has been shown
for P2X, and P2X, [23].

We observed the expression of "a splicing variant identified
in fetal and adult brain by RT-PCR (Fig. 5). differing from
the long form of hP2X;a by the absence of a cassette of 24
amino acids, corresponding to the domain Gly*-Glu'*? (Fig.
1). This cassette contains one of the 10 extracellular cysteines.
so the expression of this short variant is due either to some
inaccuracy in the intron/exon splicing mechanisms or to some
functional regulation. Interestingly, the region including ami-
no acids Ala’®-Ala™? in rat P2X;, corresponding to the pre-
TM2 region and the outer mouth of TM2 in P2X receptor
subunits [22], is consistently absent in hP2Xsr mRNA from
brain and from lymphocytes, despite the high sensitivity of the
RT-PCR method used and the high levels of expression in
“both tissues (Fig. 6). Furthermore, attempts to detect a var-
iant of hP2Xsg with a complete TM2 failed in tissues where
homologous rat P2X; has been localized by in situ hybrid-
ization (5], like spinal cord and trigeminal sensory ganglia
(data not shown).

To assess the anatomical distribution, we measured the rel-
ative levels of transcription of the hP2X;r gene in quantitative
mRNA dot blot. Hybridization signals from a variety of fetal
and adult tissues showed widespread but selective distribution
of central and peripheral hP2X;g transcripts (Fig. 6). The two
systems primarily involved in the processing of extracellular
information. i.e. the central nervous system and the immune
system, show the highest levels of hP2Xsr expression. We
measured a dramatic developmental down-regulation of
hP2Xs;zr mRNA in the thymus from the fetal to the adult stage
(Fig. 6) that could be related to the massive apoptosis of
immature thymocytes occurring during negative selection
[24]. P2X, mRNA has been found to be upregulated during
the apoptosis of immature thymocytes [25] so the distribution
of hP2X; argues strongly for an important role of P2X re-
ceptors in clonal deletion of immune cells. With only one
transmembrane region, the structure of hP2Xsg is reminiscent
of tyrosine kinase receptors [26]. We speculate that hP2X;5z
could be activated by the binding of an unidentified extracel-
lular ligand or could be involved in the regulation of channel
subunit interactions both in the brain and in the immune
system.

The rat P2Xj; is the neuronal subunit with the most limited

| - 1
cerebellum

L ]
lymphocytes

Fig. 5. The hP2X;z transcripts are expressed in two alternatively
spliced forms in human brain as detected in RT-PCR amplification
(1. primers Pl+P2). The full-length form is predominantly found in
lymphocytes (3, primers PI+P2). Both hP2X;z mRNA populations
from brain (2, primers P3+P4) and lymphocytes (4, primers P3+P4)
encode subunits with a single transmembrane domain.
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Fig. 6. Relative levels of expression of central and peripheral
hP2X;g mRNA in human fetal (shaded bars) and adult tissues us-
ing hybridization of a full-length cDNA probe on poly(A)™ RNA
blot.

distribution, so one striking difference between rat and human
P2X receptor genes is the high expression of hP2Xsg in the
brain and in peripheral tissues. The developmental regulation
of levels of transcription and the tissue specificity observed in
mRNA splicing do not seem compatible with the expression
of a processed pseudogene [27]. However, it is possible that
undetected splicing variants of hP2X;z with two transmem-
brane domains would form functional human P2Xs channels
in homomeric form or assemble in heteromeric complexes in
specific cell types. In any case, as has been described in other
classes of multimeric integral proteins, i.e. the neurotrophin
receptors {28], the steroid receptors [29] and voltage-gated K
channels [30], the regulatory effect of a dominant negative
truncated hP2X;g subunit on human heteromeric ATP-gated
channels remains to be investigated.
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Abstract: Small changes of extraceliular pH activate de-
polarizing inward currents in most nociceptive neurons. It
has been recently proposed that acid sensitivity of sen-
sory as well as central neurons is mediated by a family of
proton-gated cation channels structurally related to
Caenorhabditis elegans degenerins and mammalian epi-
thelial sodium channels. We describe here the molecular
cloning of a novel human proton receptor, hASIC3, a
531-amino acid-long subunit homologous to rat DRASIC.
Expression of homomeric hASIC3 channels in Xenopus
oocytes generated biphasic inward currents elicited at
pH <5, providing the first functional evidence of a human
proton-gated ion channel. Contrary to the DRASIC cur-
rent phenotype, the fast desensitizing early component
and the slow sustained late component differed both by
their cationic selectivity and by their response to the
antagonist amiloride, but not by their pH sensitivity (pHso
= 3.66 vs. 3.82). Using RT-PCR and mRNA blot hybrid-
ization, we detected hASIC3 mRNA in sensory ganglia,
brain, and many intemal tissues including lung and testis,
so hASIC3 gene expression was not restricted to periph-
eral sensory neurons. These functional and anatomical
data strongly suggest that hASIC3 plays a major role in
persistent proton-induced currents occurring in physio-
logical and pathological conditions of pH changes, likely
through a tissue-specific heteropolymerization with other
members of the proton-gated channel family. Key
Words: Proton-gated channel—Degenerin—Amiloride—
Trigeminal sensory neurons—Pain—Xenopus oocytes.
J. Neurochem. 72, 51-57 (1999).

Acid sensing is a specific kind of chemoreception that
plays a critical role in the detection of nociceptive pH
imbalances occurring in conditions of cramps, trauma,
inflammation, and hypoxia (Lindahl, 1974). In mam-
mals, a population of small-diameter primary sensory
neurons in the dorsal root ganglia and trigeminal ganglia
express specialized pH-sensitive surface receptors acti-
vated by increase of extracellular proton concentration
(Bevan and Yeats, 1991). Native electrophysiological
responses of sensory neurons to applications of pH 5.8—
6.5 are characterized by a fast desensitizing inward cur-
rent followed by a slow sustained current (Krishtal and
Pidoplichko, 1981). Clarifying the native molecular
composition of proton sensors in human sensory neurons
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will be an important step in the rational development of
a novel class of analgesics. A family of genes coding for
neuronal proton-gated channels subunits has been dis-
covered recently (Garcia-Anovercs et al., 1997; Wald-
mann et al., 1997a.b). Heterologously expressed amilo-
ride-sensitive homomeric rat acid-sensing ion channel
(ASIC) (Waldmann et al., 1997b) responds to small pH
changes by a fast desensitizing sodium-selective current,
whereas mammalian degenerin 1 (MDEG1) (Waldmann
et al., 1996) and dorsal root ganglia ASIC (DRASIC)
(Waldmann et al., 1997a) require drastic pH changes to
gate desensitizing and biphasic currents, respectively.
ASIC and MDEGI! can associate together to generate a
heteromeric channel activated at low pH (<5) with
unique kinetics and ionic selectivities (Bassilana et al.,
1997). A neuronal splicing variant of MDEG! was
shown to modulate DRASIC biophysical properties by
heteromeric association (Lingueglia et al., 1997). These
proton-gated channels share a putative two-transmenm-
brane domain topology and colocalization in small-
diameter capsaicin-sensitive sensory neurons with P2X
ATP-gated channels (North, 1997). From their sequence,
they belong to an expanding gene superfamily including
mammalian epithelial sodium channels (Canessa et al.,
1994a.b). pickpocket (PPK) and ripped pocket (RPK)
subunits from Drosophila (Adams et al., 1998), de-
generins of Caenorhabditis elegans (Corey and Garcia-
Anoveros. 1996), and the FMRFamide-gated channel of
Helix aspersa (Lingueglia et al., 1995). Despite their
potential importance in monitoring pH changes in CNS
and sensory pathways, human proton receptor genes
have not yet been functionally characterized. We report
here for the first time the heterologous expression of a
human proton-gated channel, as well as significant inter-
species differences observed both in functional proper-
ties and in regional distribution of acid sensors.
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MATERIALS AND METHODS

Molecular cloning ]

Using the tblastn algorithm, virtual screening of the dbEST
database of NCBI (Lennon et al., 1996) with probes corre-
sponding to the protein motf LXFPAVTLCNXNXXRXS,
conserved in all known members of the degenerin/ENaC/ASIC
family, led to the identification of human EST sequences en-
coding a novel member of the proton sensor gene family
(GenBank accession nos. AA449579 and AA429417). The
clone tagged by 5° EST AA449579 and by 3" EST AA449322
from a total fetus cDNA library was sequenced on both strands,
using walking primers and an ALF DNA sequencer (Pharma-
cia-LKB). Fuill-length hASIC3 was subcloned directionally
into unique EcoRI and Nol sites of eukaryotic vector pcDNA3
(Invitrogen) for cytomegalovirus promoter-driven heterologous
expression in Xenopus oocytes.

Electrophysiology in Xenopus oocytes

Oocytes surgically removed from adult Xenopus laevis were
treated for 2 h at room temperature with type II collagenase
(GibcoBRL) in Barth's solution under constant agitation. Se-
lected oocytes at stage IV-V were defolliculated manually
before nuclear microinjections (Bertrand et al., 1991) of 5 ng of
hASIC3 in pcDNA3 vector. After 2—4 days of expression at
19°C in Barth’s solution containing 50 wg/ml gentamicin,
currents were recorded in the two-electrode voltage-clamp con-
figuration, using an OC-725B amplifier (Warner Instruments).
Whole-cell currents were acquired and digitized at 500 Hz on
a Macintosh Ici computer with an A/D NB-MIO16XL. inter-
face (Nadonal Instruments), then recorded traces were postfil-
tered at 100 Hz in an Axograph (Axon Insmuments). Agonist,
amiloride, and wash solutions were prepared in a modified
Ringer’s solution containing 115 mAM NaCl, 2.5 mM KCI, and
1.8 mM CaCl, in 5-20 mM HEPES (Sigma) buffer adjusted
with NaOH or HCI at pH 2-8 and applied on oocytes by
constant perfusion (10-12 ml/min) at room temperature. Mean
= SEM values comresponded to measurements from a mini-
mum of five oocytes.

RT-PCR and mRNA dot-blot hybridization

Total RNA from postmortem samples of normal human
trigeminal ganglia were isolated by using TriZOL reagent
(GibcoBRL), then 1 pug was subjected to random-primed re-
verse transcription using Superscript (GibcoBRL). Around 100
ng of RT-cDNA was used as template for PCR with Expand
DNA polymerase (Boehringer-Mannheim). Specific hASIC3
primers TCAGTGGCCACCTTCCTCTA (forward) and ACAG-
TCCAGCAGCATGTCATC (reverse) were used to amplify the
region corresponding to nucleotides 175-513 (see Fig. 1A).
After initial template denaturation for 2 min at 94°C, thermal
cycles consisted of 45 s at 94°C, 45 s at 55°C, and 2 min at
72°C for 30 cycles. Molecular identity and homogeneity of
PCR products were checked by sizing and specific restriction
patterns. Initial sample loading was checked by coamplification
of glyceraldehyde-3-phosphate dehydrogenase housekeeping
mRNA. RNA samples not subjected to reverse transcription but
PCR-amplified in identical conditions provided our negative
controls.

Known amounts of human poly(A)™ RNA (89-514 ng),
isolated from various fetal and adult normal tissues and nor-
malized for the transcription levels of several housekeeping
genes (Clontech), were dot-blotied and probed with thé 32P-
labeled EcoRI-Xbal fragment of hASIC3 cDNA at high strin-
gency (final elution at 65°C in 0.3 X saline—sodium citrate
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buffer for 10 min). After exposure for 16 h, hybridization
signals were acquired and quantitated by using a Storm phos-
phorimager (Molecular Dynamics), and then analyzed in den-
sitometry with ImageQuant software (Molecular Dynarnics).

Data analysis o

All dara are expressed as mean = SEM values and represent
results of experiments done in triplicate on at least three sep-
arate oocyte preparations. Statistical methods consisted of two-
tailed r tests and regression analysis available with the PRISM
software package (GraphPad, San Diego, CA, U.S.A.). Non-
linear regression on I/V curves used the Boltzman equation,
whereas dose-response curves were fitted with the four-param-
eter logistic equation. Multiple comparison of sigmoidal curves
was evaluated by the partial F test, using ALLFIT software (De
Léan et al., 1978).

RESULTS

Primary structure of hASIC3 channel subunit
Sequence analysis of the 1.7-kb-long hASIC3
poly(A)™ mRNA revealed an open reading frame encod-
ing 531 amino acids (Fig- 1A), with initiation of trans-
lation at the proximal Met codon located at nucleotide
position 22. The predicted molecular mass of 59 kDa for
the immature protein was confirmed by in vitro transla-
tion (data not shown). According to the current topolog-
ical model based on primary structure analysis and bio-
chemical tests, a large domain of 365 amino acids faces
the extracellular side of the plasma membrane (Canessa
etal., 1994a,b). In this extracellular domain, a total of 15
cysteine residues are highly conserved in the ASIC fam-
ily, with the exception of Cys?%” being absent in human
BNaCl (hASIC2) only. Two potential sites for Asn-
linked glycosylation, Asn'”® and Asn3°%, are located in
this cysteine-rich loop. Consensus sites for phosphoryla-
tion by casein kinase II (Ser’) and by protein kinase C
(Ser?, Ser*’®, Ser*?3, and Ser®2!) are found in the intra-
cellular N-terminal domain of hASIC3 as well as in the
intracellular C-terminal domain (Fig. 1A). The hASIC3
subunit displays 83% of identity with rat DRASIC sub-
unit at the amino acid level, 48% with human BNaC2
(hASIC1) and 47% with BNaCl (hASIC2) (Fig. 1B).
Therefore, hASIC3 belongs to the proton-gated channel
family, itself a branch of the degenerin/ENaC/FMREF-
amide-gated channel phylogenetic tree (Fig. 1C).

Functional and pharmacological properties of
homomeric hASIC3 channels

When heterologously expressed in Xenopus oocytes,
hASIC3 subunits assemble into functional homomeric
channels activated by low extracellular pH (Fig. 2A).
Rapid changes of extracellular pH (Fig. 2B and C) re-
vealed a biphasic response. This unique phenotype was
characterized by a fast and rapidly desensitizing current
foliowed by a slow and sustained current that returned to
baseline only on return to physiological pH. The relative
amplitude of the fast current appeared dependent on the
slope of the pH gradient applied (Fig. 2A and C). How-
ever, we found the pH sensitivity of the two hASIC3-
mediated currents to be almost identical with a pHsp of
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FIG. 1. Nucleotide and predicted amino acid sequence of hASIC3 cDNA (A), deposited in GenBank database under the accession no.
AF057711. Two stretches of 20-34 amino acids corresponding to potential transmembrane domains, identified in Kyte-Doolittle
hydrophabicity plot, are highlighted, Consensus phosphorylation sites in intracellular domains and N-glycosylation sites in extracellular
domain are indicated by circled and boxed residues, respectively. Homology (%) of hASIC3 (B) and phylogenetic relationships (C) with
known members of the human ASIC/ENaC family. The protein dendrogram was generated by using UPGMA algorithm (Geneworks
2.5.1, Oxford Molecular Group).
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FIG. 2. Biphasic current phenotype of homomeric hASIC3 channels; effects of increasing rates of pH change. Oocytes were clamped
at —70 mV and continuously perfused with Ringer's buffer containing 10 mAM HEPES at pH 7.6. pH was then dropped to 4.0 for 10 s
with increasing pH gradients obtained by raising the buffer capacity differential between control and test buffers: A: pH 7.6-4.0in 10
mM HEPES. B: pH 7.6 in 5 mM to pH 4.0 in 10 mM HEPES. C: pH 7.6 in 5 mM to pH 4.0 in 20 mM HEPES. Controls done with the test
buffers at pH 7.6 did not activate the hASIC3 channel. Oocytes injected with injection buffer alone showed no inward currents. The
amplitude of the earfy but not the late component, and thus the ratio of early to late peak currents, appears to be very sensitive to the

speed at which the pH drops from normal to acid pH values.

3.66 *= 0.06 (fast) vs. 3.82 = 0.04 (slow) (Fig. 3). The
positive cooperativity reflected in the dose-response
curve profile, nye, = 1.57 £ 0.3 and nyg,, = 1.55
#+ 0.17, indicated that at least two protonations on two
subunits are required to gate the cation channel. To study
possible differences of ionic selectivity between fast and
slow components, we performed a current—voltage rela-
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FI1G. 3. Dose-response curves of pH activation of hASIC3 cur-
rents. Dose-response curves were constructed in 20 mM
HEPES buffered at different pH values from 6.0 to 3.0. Peak
currents of fast and slow currents were analyzed with the four-
parameter logistic equation and the partial F test for statistical
comparison. Each point represents mean = SEM from this typ-
ical experiment. Apart from the maximal response, no other
significant difference was observed between both curves.
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tionship at pH 4.0 in normal Ringer. The peak amplitude
of the fast component displayed some voltage depen-
dence from its slight inward rectification, whereas the
slow and sustained component was ohmic in the range
from —70 to + 70 mV (Fig. 4B). Furthermore, although
both reversal potentials were greater than 30 mV as
expected for channels conducting mainly sodium, we
measured a AE,,, = +15 =32 mV (p <0.01) between
the fast (+32.9 = 44 mV) and the slow component
(+48.2 £ 4.8 mV) (Fig. 4A and B). These two phases of
proton-induced hASIC3 current differed also by their
sensitivity to the antagonist amiloride. Coapplication of
100 pM amiloride with pH 4.0 under conditions of
biphasic response demonstrated a more efficient block-
ade of the fast (62.8 = 6.5%) than of the slow current
(28.7 £ 4.6%) by amiloride (Fig. 5A and B).

Central and peripheral distribution of hASIC3 gene
expression

As a rough index of anatomical distribution and
mRNA abundance, we noticed several cDNAs encoding
hASIC3 in total fetus and testis cDNA libraries repre-
sented in the dbEST database. Results obtained in RNA
hybridization at high stringency confirmed that the
hASIC3 gene is transcribed in a wide spectrum of inter-
nal organs as well as in the CNS (Fig. 6). In the adult
stage, hASIC3 transcripts were detected in lung, lymph
nodes, kidney, pituitary, heart, and testis as well as in
brain and spinal cord. A developmental up-regulation of
hASIC3 gene expression was apparent when comparing
fetal vs. adult mRNA levels in lung and kidney (Fig. 6).
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F1G. 4. Cumrent-voltage (//V) relationship of the fast and slow
hASIC3 currents. Recordings were done in Ringer's buffer con-
taining (mM) NaCl 115, KCI 2.5, CaCl, 1.8, and HEPES 5, pH 7.6.
The I/V relationship was established by measuring peak currents
of both fast and slow responses to pH 4.0 (applied 1 s after
voltage step) at different membrane potentials, after subtracting
background currents recorded without pH applications (A). Peak
current values were plotted (B) and reversal potential estimated
from linear (slow current) and nonlinear (fast current) regression
analysis. A and B represent a typical experiment where reversal
‘potentials were 33.4 and 44.8 mV, respectively, for the fast and
slow currents.

Thus, hASIC3 subunit expression is not restricted exclu-
sively to sensory ganglia as is its rat homologue DRA-
SIC, explaining our decision to use a chronological no-
menclature that is distribution independent. The poten-
tially important function of noninactivating proton-gated
channels in nociceptive sensory neurons was neverthe-
less confirmed by the detection of high levels of ASIC3
mRNA in adult human trigeminal ganglia, using RT-
PCR (Fig. 7).

DISCUSSION

We report in the present study the characterization of
a novel central member of the human degenerin/ENaC

channel family, genetically identical to hTNaC isolated
from human testis (Ishibashi and Marumo, 1998). Sig-
nificant homologies found both in extracellular and in
transmembrane domains of the predicted hASIC3 sub-
unit with known proton-gated.-channels were substanti-
ated by our electrophysiological data showing activation
of the homomeric channel by. changes of extracellular
pH. In contrast to rat ASIC, which responds to slight
external acidification, a drastic pH decrease (pHs, ~4)
was required to activate hASIC3 channels when heter-
ologously expressed in Xenopus oocytes.

Despite a strong conservation of primary structure, the
hASIC3 channel displayed several interesting differ-
ences of properties with its rodent homologue DRASIC.
Two potential regulatory protein kinase C sites found in
hASIC3 sequence are conserved in DRASIC (Ser*® and
Ser>2!), so the functional impact of phosphorylation of
these domains will be worth’ investigating in the context
of heterologous sensitization of nociceptive response by
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FIG. 5. Differential sensitivity of the fast and slow hASIC3 cur-
rents to amiloride. hASIC3 currents were activated by pH 4.0 in
the presence and absence of 100 M amiloride (A). Inhibition by
amiloride was much stronger on the fast than the sustained
current. B: Data are mean = SEM values (n = 17) of residual
peak currents during amiloride application for the fast (37.2
= 6.4%) and sustained (72.0 = 3.8%) components expressed as
percentages of controls. Statistical significance was evaluated
by unpaired two-tailed t test ("™p < 0.001).
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= 1.32) (Konnerth et al., 1987; Bevan and Yeats, 1991);
(2) if most capsaicin-sensitive sensory neurons display
biphasic pH responses, some display either the fast or the
slow component (Krishtal and Pidoplichko, 1981; Bevan
and Yeats, 1991); and (3) the two phases appear to be
differentially regulated by nerve growth factor in pri-
mary cultured sensory neurons (Bevan and Winter,
1995). The ionic selectivity favoring sodium over potas-
sium ions and the low sensitivity to pH of hASIC3
suggest that it is associated with other ASICs or non-
ASIC partners in sensory neurons to generate a native
heteromeric channel with emergent phenotype not pre-
dicted from the properties of each individual component.
Indeed, Lingueglia and colleagues (1997) reported that
DRASIC could associate with silent MDEG?2, a splicing
variant of MDEG, to produce a proton sensor poorly
sensitive to pH but endowed with a weak cation selec-
tivity closer to the properties of the native current. Al-
ternatively, it is also possible that posttransiational mod-
ifications of proton sensor subtypes composed of known
subunits could explain the nonselective and sustained
ionotropic responses elicited by small pH changes in
mammalian sensory neuroas.
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